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1 Summary-Zusammenfassung 
1.1 Summary  
White lupin cluster roots are specialized brush-like root structures that are formed in 
some species under phosphorus (P)-deficient conditions. They intensely secrete 
protons and organic anions for solubilization and acquisition of sparingly soluble 
phosphates. Because of the outstanding P efficiency of white lupin, this species has 
served as an illuminating model for plant adaptations to phosphorus deficiency. Since 
decades, numerous studies were carried out to gain a comprehensive knowledge of 
cluster root formation and function. The aim of this study was to identify genetic 
components involved in cluster root development and to identify the transporter genes 
that are potentially involved in citrate and malate secretion under P deficiency as well 
as under toxic aluminium (Al) exposure. 
The results of chapter I were published in Physiologia Plantarum. In this chapter, a 
gene encoding a protein of the C-TERMINALLY-ENCODED PEPTIDE (CEP) 
family was identified. This gene had an interesting expression pattern during cluster 
root development. Members of that gene family arrest root growth and modulate 
branching in model species. LaCEP1 was specifically highly expressed in the 
pre-emergence zone of clusters. Over-expression of the gene encoding the LaCEP1 
propeptide resulted in moderate inhibition of cluster root formation. The primary and 
lateral root length was little affected by the overexpression, but LaCEP1 reduced 
cluster rootlet and root hair elongation. The addition of a 15-mer core peptide derived 
from LaCEP1 similarly altered root morphology and modified cluster root activity, 
suggesting that a core sequence of the propeptide is functionally sufficient. Stable 
overexpression in Arabidopsis confirmed the LaCEP1 function in root growth 
inhibition across species. Taken together, LaCEP1 appears to act as a negative 
regulator of cluster root growth, possibly as a peptide phytohormone, in white lupin. 
The chapter II focused on functional characterization of LaMATE, a member of the 
multidrug and toxic compound extrusion (MATE) family of transporters. The 
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LaMATE gene is long known to be highly up-regulated in mature, functional clusters 
under P deficiency, but its potential function in exudation of citrate was suggested, but 
never proven. Firstly, I used electrophysiological analysis to gain preliminary 
information of LaMATE function in Xenopus oocytes. The results did not substantiate 
a function of LaMATE in citrate transport in oocytes. To better understand the 
molecular regulation of P stress-induced organic anion release in white lupin, a novel 
method to obtain stable white lupin transgenics via tissue culture was established. The 
LaMATE gene was targeted using the CRISPR/Cas9 system and Agrobacterium 
tumefaciens transformation. Although stable transgenics were identified, no mate 
loss-of function alleles could be isolated. Multiple mutations, including nucleotide 
deletions, insertions and combinations, however, were generated in the LaMATE gene 
via transient Agrobacterium rhizogenes root transformation, showing that it is an 
efficient tool in white lupin for specific gene editing. These mutants were used to 
examine the physiological role of LaMATE in root exudation. Compared with control 
plants, mutated lines exhibited a significant reduction of citrate release under P 
deficiency and in the presence of toxic aluminium (Al). However, this only resulted 
from a reduced citrate amount in the transgenic root tissue, but interestingly, the 
mutants had increased total flavonoid exudation and severely reduced exudation of 
the flavonoid genistein, probably the true transport substrate of LaMATE. The results 
illustrate a complex interplay of primary and secondary metabolism in P-deficient 
white lupin cluster roots. 
In chapter III, the function of LaALMT1, a gene belonging to the aluminium-activated 
malate transporter (ALMT) gene family was investigated. Members of the ALMT 
family transport various substrates, such as chloride, malate or gamma-butyrate, and 
are involved in diverse functions in plants. In this study, we identified a gene 
belonging to the aluminium (Al)-activated malate transporter (ALMT) family that 
contributes to the organic acid anion release. This gene, LaALMT1, was most 
prominently expressed in the root apices, including those of cluster roots, but also in 
the root stele and was moderately repressed by Al treatments (+Al). 
Summary-Zusammenfassung 
 
3 
 
Electrophysiological analysis in Xenopus oocytes demonstrated that LaALMT1 
mediated inward-directed malate, but not citrate currents, independent of Al. In 
composite lupins with transgenic roots, LaALMT1 was efficiently mutated by 
CRISPR-Cas9. The xylem sap of mutants was depleted of malate, but not of citrate, 
both under P deficiency and with additional Al stress. Under +Al, this was associated 
with reduced Fe and Cu accumulation in the shoot tissue suggesting that the plasma 
membrane localized LaALMT1 contributes in root to shoot translocation of certain 
heavy metals under Al-stress. Furthermore, malate exudation under P-deficiency was 
repressed in mutants, suggesting that LaALMT1 participates in the root exudation of 
malate, but not of citrate. 
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1.2 Zusammenfassung 
Die Clusterwurzeln der Weißen Lupine sind spezialisierte, bürstenartige 
Wurzelstrukturen, die in manchen Pflanzenarten unter Phosphormangel gebildet 
werden. Sie scheiden intensiv Protonen und organische Anionen aus, um schwer 
lösliche Phosphate zu lösen und pflanzenverfügbar zu machen. Wegen der 
außerordentlichen Phosphor (P)-Effizienz dient die Weiße Lupine seit vielen Jahren 
als aufschlussreicher Modellorganismus der Erforschung der Anpassung von Pflanzen 
an Phosphormangel. Ziel dieser Studie war es, genetische Komponenten der 
Clusterwurzelentwicklung und deren Funktion bei Phosphormangel zu identifizieren 
und damit die zugrunde liegenden Mechanismen besser zu verstehen. Insbesondere 
standen ein Peptid (LaCEP1), welches eine mögliche Rolle als Signal bei der 
Clusterwurzelentwicklung haben könnte und Kandidatengene für die Ausschüttung 
von organischen Molekülen im Zentrum dieser Arbeit.  
Die Ergebnisse von Kapitel 1 wurden bereits in Physiologia Plantarum veröffentlicht. 
In diesem Kapitel wurde ein Peptid der C-TERMINALLY-ENCODED PEPTIDE 
(CEP) Genfamilie identifiziert, welches ein interessantes Expressionsmuster besitzt. 
Mitglieder dieser Familie inhibieren das Wurzelwachstum und modulieren die 
Verzweigung von Wurzeln in Modelpflanzen. Ziel war es, mögliche Funktionen von 
LaCEP1 in der Clusterwurzelbildung und –morphologie zu identifizieren und zu 
charakterisieren. Die Expression von LaCEP1 war besonders stark in der Wurzelzone 
hinter der Wurzelspitze, in denen Clusterwurzeln zwar angelegt, aber noch nicht 
ausgewachsen und damit sichtbar sind und nahm graduell zu älteren Clustern hin ab. 
Die Überexpression des LaCEP1-Gens resultierte in einer moderaten Inhibierung der 
Clusterwurzeln. Die Länge der Primär- und Lateralwurzeln war kaum beeinflusst, 
jedoch reduzierte LaCEP1 die Elongation der Clusterwurzeln und deren Wurzelhaare. 
Die Zugabe eines vom LaCEP1 Pro-Peptid abgeleiteten 15-mer Kernpeptid in die 
Nährlösung veränderte die Wurzelmorphologie gleichermaßen und stimulierte die 
Clusteraktivität, so dass angenommen werden kann, dass die Kernsequenz des 
Propeptids für seine Funktion ausreichend ist. Eine stabile Überexpression in 
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Arabidopsis bestätigte die Funktion von LaCEP1 bei der Hemmung des 
Wurzelwachstums in einer anderen Art. Zusammengenommen deutet die hemmende 
Wirkung von LaCEP1 auf Cluster auf eine Rolle als regulatorisches, 
phytohormonelles Signal hin, welches an der Clusterwurzelbildung der Weißen 
Lupine beteiligt ist. 
Kapitel II konzentriert sich auf die funktionelle Charakterisierung eines putativen 
Membrantransporters der MATE Familie (multidrug and toxic extrusion). LaMATE 
wurde schon vor langer Zeit als Kandidat für die Ausschüttung von Citrat in reifen 
Clusterwurzeln vorgeschlagen, denn MATEs in anderen Pflanzenarten transportieren 
tatsächlich Citrat, allerdings wurde diese vermutete Funktion niemals verifiziert. 
Andere Transporter dieser Familie transportieren Sekundärmetabolite. Für den 
Großteil der MATE Transporter sind bis heute keine nativen Substrate bekannt. 
Elektrophysiologische Analysen von LaMATE in Xenopus-Eizellen konnten einen 
LaMATE vermittelten Citrat-Transport nicht bestätigen. Um die molekulare 
Regulation der durch P-Mangel induzierten Ausschüttung von organischen 
Substanzen besser zu verstehen, wurde das LaMATE Gen mittels 
CRISPR/Cas9-System ausgeschaltet. In transient transgenen Wurzeln, in die mittels 
Agrobacterium rhizogenes eine CRISPR Kassette eingeschleust wurde, wurden 
Nukleotid-Deletionen, Insertionen und Kombinationen daraus im LaMATE Gen 
identifiziert. Darüber hinaus wurden aus transformierten Embryos der weißen Lupine 
vollständig transgene Pflanzen regeneriert, in denen die CRISPR Kassette 
nachgewiesen werden konnte, allerdings war in diesen Pflanzen die LaMATE 
Gensequenz unverändert. Dennoch etablieren die Studien ein neues Protokoll für die 
Regeneration von transgenen Lupinen und belegen prinzipiell CRISPR/Cas9 
Genomeditierungseffizienz in der Weißlupine. Die physiologische Rolle von 
LaMATE wurde in sogenannten „Composite“-Pflanzen mit unverändertem Spross und 
transgenen Wurzeln untersucht, in denen Mutationen im LaMATE Gen vorlagen. 
Verglichen mit Kontrollpflanzen, zeigten mutierte Linien eine signifikante 
Verringerung der Citratausscheidungen unter P-Mangelbedingungen, die allerdings 
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auf reduzierte Wurzelgehalte von Citrat zurückzuführen waren. Diese Ergebnisse 
keine signifikante Rolle von LaMATE im Citratexport. Interessanterweise war aber 
die Gesamtausschüttung von Flavonoiden erhöht, die des Flavonoids Genistein, des 
potenziell natürlichen Substrats von LaMATE, aber deutlich verringert. Das deutet auf 
eine enge Kopplung des Primär- und Sekundärstoffwechsels in gestressten Wurzeln 
hin. 
In Kapitel III wurden die Funktionen von LaALMT1 untersucht, einem Mitglied der 
Aluminium-aktivierten Malattransporter (ALMT)-Familie. ALMTs sind Kandidaten 
für den Transport von Malat, homologe Gene transportieren aber auch so 
unterschiedliche Substrate wie Chlorid oder gamma-Aminobuttersäure, was dazu 
führt, dass ALMTs in sehr diverse Funktionen involviert sind. Zunächst wurden drei  
LaALMTs identifiziert, die spezifisch in Wurzeln exprimiert waren. Deren Expression 
wurde kaum durch P beeinflusst, allerdings war sie durch Al leicht reprimiert und in 
jungen, nicht-funktionellen Clustern unterdrückt. Mittels eines 
Promoter-Reporterkonstrukts (ß-Glucoronidase (GUS)-Reportergen) konnte die 
gewebespezifische Lokalisierung in Wurzelspitzen und im Leitgefäß bestätigt werden. 
Elektrophysiologische Analysen in Xenopus laevis-Eizellen zeigten, dass LaALMT1 
den Ausstrom von Anionen, insbesondere von Malat, katalysiert, aber kein Citrat 
transportiert. Mittels CRISPR/Cas9 Technologie wurden transgene Lupinenwurzeln 
mit Mutationen in LaALMT1 hergestellt. Malat-, aber nicht Citratausscheidungen 
waren reduziert in LaALMT1-Knock-Out-Mutanten. Die Mutanten zeigten darüber 
hinaus reduzierte Malatkonzentrationen im Xylemsaft, insbesondere nach Al Gabe. Fe 
und Cu, zwei Metalle die im Xylem potenziell als Metallchelate transportiert werden, 
waren schließlich im Spross von Al-gestressten Mutanten gesenkt. Darüber hinaus 
war auch Kalium, welches zum Langstreckentransport als Hauptgegenanion Malat 
vorfindet, in den Mutanten unter Al-Stress vermindert. Die Ergebnisse deuten auf eine 
Funktion des LaALMT1 bei der Beladung des Langstreckentransportsystems in 
Wurzelspitzen mit Malat hin, insbesondere bei Al-Stress. Darüber hinaus ist 
LaALMT1 an der physiologisch beschriebenen Malatausschüttung, aber nicht der von 
Citrat, beteiligt. 
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2. General introduction 
2.1 Phosphorus and phosphorus deficiency 
Phosphorus (P) is an essential macronutrient for biological functions implicated in 
photosynthesis, plant growth and development. Plant dry weight may contain up to 
0.5% P and it is also required as a fundamental element of DNA, RNA and proteins 
(Marschner, 2011). Plants only take up P as phosphate (Pi) in the soil solution, Vance 
et al. (2003) reported that over 40% of the world soils are in a P deficient level and 
the acid-weathered soils of tropical and subtropical regions of the world are 
particularly prone to P deficiency. However, P availability in most soils is limited, 
which affects the crop yield and quality, since the Pi concentration in soil solution is 
extremely low, ranging from 2 to 10 μM (Raghothama, 1999). Thus, it is crucial to 
discover mechanisms and further exploit these adaptions to make plants more 
efficient and manage the crop yield stability in a P limiting condition. 
In plants, root function as a sensing and up-taking part of phosphate from soil. 
However, phosphorus deficiency induced a series of changes on plant root growth. In 
Arabidopsis, the primary root growth is dramatically inhibited due to the Pi deficiency 
(Abel, 2011). This arrest of root growth is caused by the reduction of cell elongation 
and progressive cessation of cell proliferation (Sánchez-Calderón et al., 2005). Pi 
deficiency is one of the major factors limiting primary root growth among different 
nutrients deficiency (Gruber et al., 2013; Kellermeier et al., 2014). In some other 
plant species, such as maize (Zea may) and common beans (Phaseolus vulgaris), low 
Pi reduced laterals rooting (Borch et al., 1999), low P stress resulted in root etiolation 
in common bean, which mainly caused by reducing root secondary development and 
radial expansion in favor of continuous root elongation (Lynch, 2015; Rangarajan et 
al., 2018; Strock et al., 2018). 
2.2 Root adaptive changes in response to low phosphate 
Plant roots have evolved various strategies to cope with low Pi in soil and enhance the 
Pi acquisition efficiency. Deferent plant species may adopt different mechanisms to 
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gain access to soil low available Pi by altering root morphology, secreting Pi 
mobilizing compounds into rhizosphere (e.g., carboxylates, phosphatases and protons) 
and associating with mycorrhiza (Raghothama, 1999; Vance et al., 2003; Lambers et 
al., 2006). 
2.2.1 Root architecture and root morphology 
Root architecture, with highly plasticity, including the shape and structure of the root 
system often varies among plant species (Hodge, 2004). Root architecture traits, such 
as primary root length, root diameter, root branching, lateral root density and length, 
root hair enhancement and formation of cluster root are affected by Pi deficiency 
(Carswell et al., 1996; Lambers et al., 2011). 
Since the soil P is frequently absorbed by the soil partials, plant species with larger 
root system contribute more in access to available Pi in the soil for uptake (Jungk, 
2001). To optimize the Pi acquisition, some Pi-efficient plant species/genotypes 
within a species may grow the lateral root from the basal root at an angle that allow 
more roots to explore the topsoil likely to contain more available Pi (Lynch & Brown, 
2001) or develop an root architecture that places active root area relatively rich in Pi 
(Smith, 2001). 
Root hairs play an important role in acquisition of poorly mobile nutrients such as Pi 
by effectively extending the width of the Pi depletion zone around the root (Föhse et 
al., 1991). Parker et al. (2000) pointed that root hairs form as much as 77% of the root 
surface area of field crops. Evidence from barley (Hordeum vulgare) suggested that 
genotypes with longer root hair took up more Pi, and tended to yield better when Pi 
was limiting crop growth (Gahoonia & Nielsen, 2004). 
Lateral root branching is a crucial trait in alleviation of Pi stress. Lateral roots 
originate from pericyclic cells closed to the xylem pole and initiate a series of 
asymmetric and transverse divisions (Torrey, 1950). Low Pi stress induced a reduction 
of cell division rate and the cell growth in the root elongation zone is simultaneously 
inhibited (Sánchez-Calderón et al., 2006). The response of lateral root to Pi deficiency 
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is plant species and genotype dependent. Some maize genotypes increase the number 
and length of lateral roots by distributing more roots in the sub-soil, while common 
beans and soybeans (Glycine max) with shallow roots prefer to enhance the capacity 
of topsoil P forage (Zhu & Lynch, 2004; Bayuelo-Jiménez et al., 2011). 
Cluster root is a kind of specialized tertiary lateral root structure formed in many 
members of Proteaceae and several other plant species, which has dense of clustered 
secondary rootlets with limited growth along the lateral root (Johnson et al., 1996; 
Shane & Lambers, 2005; Lambers et al., 2006). Under Pi-limiting conditions, white 
lupin (Lupinus albus) is highly efficient through the formation of cluster root with 
morphological and physiological (release of carboxylates and protons) features. 
Therefore, it has become a model for cluster root research for decades. 
2.2.2 Root exudates 
Plants can also utilize the root physiological adaptation through increasing the root 
exudates into rhizosphere to mobilize sparingly soluble inorganic and organic P 
(Johnson et al., 1996). Carboxylate, phosphatase and proton are the main component 
of the root exudates. The root exudation of organic acids is involved in many 
rhizosphere processes, including nutrient (mainly Pi) acquisition and metal 
detoxification (Jones, 1998). The secretion of organic acids from root is highly 
environmental stress (P deficiency and Al toxicity) and plant species specific. Usually, 
the amounts and components varied between plant species/genotypes and even 
different zone of root segments (Neumann et al., 1999; Liao et al., 2006). Generally, 
dicots, particularly legumes, are more efficient in releasing organic acids to the 
rhizosphere for Pi mobilization than monocots. Citric acid and malic acid are the 
predominant acids released by roots under Pi starvation conditions. For example, the 
roots of rape (Brassica napus) and white lupin excrete mainly citrate and malate for 
efficiently use of rock phosphates (Hoffland et al., 1992; Neumann et al., 1999). Root 
exudates of citrate were two fold increased in alfalfa that helps them solubilizing 
more Pi under low P conditions (Lipton et al., 1987). Al induced a large amount 
release of malate and citrate from root tips in maize and wheat (Triticum aestivum) 
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plants. Therefore, the anion channels or transporters may activated or synthesized due 
to Pi starvation, and the observation of anion currents from the roots grown under Pi 
limited conditions indicates that transient release of organic acids is mediated by an 
controlled transport system and thus facilitating organic acids efflux. 
2.3 White lupin - a model plant to study plant responses to P deficiency 
Among the crops, the legume white lupin has the unique outstanding ability to acquire 
sparingly soluble soil Pi by the formation of cluster roots, a dense array of lateral 
roots that are covered with long root hairs overlapping the nutrients extraction zone. 
Cluster roots are also found widely among the Proteaceae, especially in those species 
that are indigenous to the most Pi impoverished soils of the world in Western 
Australia and South Africa. As global Pi resources are limited and declining, much 
must be learned about efficient Pi mobilization and uptake by crops. White lupin is 
the ideal model crop for this kind of research (Fig. 1). 
 
Fig.1 Diagram of white lupin grown in phosphorus deficient conditions. The yellow shadow 
indicates secreted P mobilizing chemicals of functional cluster roots. 
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2.3.1 Cluster roots formation and function in white lupin 
White lupin has been used as the model for cluster root function and development 
study since decades. The clusters are formed on first order laterals under P- and 
Fe-deficiency. Cluster roots, particularly formed under low Pi supply, improve the 
uptake of Pi from the soil. Mature clusters of white lupin extensively exudate 
P-mobilizing organic acids, phenolics, protons and acid phosphatase. By using 
RNA-seq and qRT-PCR approaches, gene involved in different developmental stages 
of cluster roots were studied and characterized in recent work (Secco et al., 2014; 
Wang et al., 2014). The root tip zone before emergence of cluster roots, juvenile and 
mature clusters differ in modules of transcript expression, which precisely matched 
the well-known physiological differences among different developmental stages 
(Wang et al., 2014). The initiation of cluster root primordia in the pre-emergent zone 
was reflected by the strongest expression of auxin-related genes, while the cluster root 
maturation involves meristem degeneration, root hair proliferation and orthophosphate 
(Pi) re-translocation, and was associated with increased expression of ethylene-related 
transcripts. Accordingly, the cluster formation was modulated by various plant 
hormones, precursors or antagonists, and a novel function of brassinosteroids in 
cluster formation was identified (Wang et al., 2015a). Interestingly, cluster formation, 
but not their P mobilizing function, was strictly correlated with root sucrose levels. 
Dysfunctional clusters could be induced in sterile root cultures by the addition of 
sucrose to the growth medium (Wang et al., 2015b). 
2.3.2 Lateral root formation and positioning associates with phytohormones and 
peptides signaling 
Phytohormones, primarily auxin and cytokinin, are key hormones in lateral root 
formation and regulate lateral root density (Benková & Bielach, 2010). In the 
formation of cluster root in white lupin, a concerted array of high density of 
second-order lateral rootlets is formed via balanced sequential action of the major 
phytohormones auxin, ethylene and cytokinin, but other factors likely also contribute 
to cluster development. The rootlets in clusters are densely covered with root hairs, 
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their meristem dies rapidly and their activity ceases within about seven days. The P 
that has already been taken up by the roots is concentrated in actively growing roots 
and shoots zones, but mature clusters have low P status and recycle P. Accordingly, up 
to 90% total lost when cluster root enter into its senescent phase. It is also interesting 
to decipher the mechanism why only white lupin form densely spaced laterals, but not 
many other lupins. Although, using heterologous alignment with model plants 
Arabidopsis, we identified by our RNA-seq approach potential candidates that may be 
responsible for position-dependent, dense spacing of lateral rootlet meristems in the 
pre-emergence zone, we further identified expressed genes in mature clusters that may 
be regulators of their programmed senescence. The potential candidates are encoded 
by multigene families and individual knock-out or overexpression may not yield 
sufficient and valuable insight into the formation of cluster root morphology.  
Signaling peptides are involved in a wide range of regulatory processes in plant 
establishment, such as cell proliferation and expansion (Narita et al., 2004; Komori et 
al., 2009), meristem maintenance (Roberts et al., 2013), gravitropism (Whitford et al., 
2012), pollen guidance (Okuda et al., 2009), fertilization (Sprunck et al., 2012), 
abscission (Schardon et al., 2016), the development of stomata (Czyzewicz et al., 
2013), vascular tissues, root hairs (Fernandez et al., 2013), lateral roots and root 
nodules (Imin et al., 2013; Okamoto et al., 2013). Several small signaling peptides 
play roles related to cellular sensing of a position in a local tissue environment, such 
as the root. The signaling networks in plant root development that involve small 
signaling peptides require perception by different target receptors (Butenko et al., 
2009; De Smet et al., 2009; Murphy et al., 2012). 
The C-TERMINALLY ENCODED PEPTIDE 1 (CEP1) gene belongs to a family of 
nitrogen-regulated gene products, found in all flowering plants, which are involved in 
lateral formation and nodulation density (Delay et al., 2013; Imin et al., 2013; 
Djordjevic et al., 2015). In Arabidopsis thaliana, overexpression of CEP1 pro-peptide 
or exogenous application of the synthetic CEP1 peptides results in root meristem 
arrest (Ohyama et al., 2008). Interestingly, in Medicago truncatula, a transformed 
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system only containing root clusters that lack shoots was exploited to investigate the 
inhibitory action on lateral root formation of MtCEP1 (Mohd-Radzman et al., 2015). 
In dicot plants, CEP1 is a positive regulator of nodulation, while overexpression 
inhibits root laterals (Djordjevic et al., 2015).  
Usually, peptides maturation is an essential step in signaling and may occur locally at 
the site of signal perception or distant from the organ of perception, exert their 
function in root morphology and nutrients stress adaptation (Tabata et al., 2014), 
which, of course, increasing the complexity of peptide-receptor signaling cascades. 
The processing of the longer pro-peptides into smaller signaling peptides probably 
takes place in the apoplast, often by a redundant array of peptidases (Tavormina et al., 
2015). In Arabidopsis, grafting experiments revealed that CEP peptide transmit a 
nutritional systemic signal from the roots that is perceived by CEPR1 and CEPR2 in 
the shoots (Tabata et al., 2014). These peptide/receptor pairs regulate the systemic 
response to nitrogen availability that translates into root architecture changes and 
expression of nitrate uptake systems. The reverse systemic signaling from the shoots 
to the roots involved two small proteins with homology to glutaredoxin which are 
secreted into the shoot phloem and move to the root, where they exert their function in 
the absence of nitrate (Ohkubo et al., 2017). Overall, systemic and local function of 
peptides indicated a complex role in lateral root spacing, positioning and emergence 
(Taleski et al., 2016), while other peptides may also be involved in the regulation of 
the concerted growth of rootlets, which are found in cluster roots. 
2.3.3 Metabolic changes with cluster maturation and organic acids release 
It is, however, clear that cluster root morphology is not sufficient to acquire low level 
Pi. The concerted metabolic adjustment of mature clusters with release of 
phosphatases, citrate, protons and flavonoids into the rhizosphere is essential for 
acquisition of Pi at very low concentrations. Such a functional module seems to be 
similar in dauciform roots, specialized roots covered densely with long hairs roots. 
These dauciform roots appear functionally equivalent to cluster roots and are found in 
highly P-efficient sedges, so cluster root morphology essential to solubilize P and its 
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uptake from exhausted soils (Lambers et al., 2006). 
Members of MATE (multidrug and toxic compound extrusion) and ALMT 
(aluminum-activated malate transporter) gene family, identified in many plant species, 
encode transport proteins that mediate organic anions movement across the plasma 
membrane to the external medium (Ryan et al., 2001; Delhaize et al., 2012). 
Interestingly, phytotoxic concentration of Al
3+
 (1-100 μmol L-1) can induce the 
secretion of both citrate and malate from wheat and Arabidopsis roots, but only citrate 
from rice (Oryza sativa) and sorghum (Sorghum bicolor) roots (Hoekenga et al., 2006; 
Magalhaes et al., 2007; Yokosho et al., 2011), however, root exudation of citrate and 
malate from soybean roots was triggered by P deficiency, but only citrate from rice 
(Kirk et al., 1999; Liao et al., 2006). Additionally, toxic Al
3+
 either rapidly activated 
the transporter/channels for facilitating organic anions efflux (Sasaki et al., 2004; 
Yang et al., 2011), or the gene expression was activated within hours, leading to a 
time-lag release of organic anions for Al detoxification (Magalhaes et al., 2007; Yang 
et al., 2011; Chen et al., 2013). For low P stress in acid soils, little is known about P 
deficiency in association with the expression of ALMT and MATE. GmALMT1 and 
TaALMT1 are the two only genes characterized to be involved in plant P deficiency. 
GmALMT1 upregulation enhanced the malate release from soybean roots under P 
limiting conditions (Liang et al., 2013). TaALMT1 overexpression in barley increased 
P uptake of transgenic lines grown on acid soils (Delhaize et al., 2009). GmALMT1 
and TaALMT1 both have been verified as malate transporters involved in Al tolerance 
(Sasaki et al., 2004; Liang et al., 2013). 
Cluster root of white lupin massively release organic anions (citrate and malate) into 
rhizosphere for solubilizing phosphate (Neumann et al., 1999). Uhde-Stone et al. 
(2005) revealed that LaMATE is a plasma membrane localized protein that functions 
as a homology of FRD3 in Arabidopsis, exerting function in iron translocation from 
root to shoots. For white lupin grown in P limiting conditions, whether P deficiency 
induced an expression of MATE and ALMT implicated in cluster root citrate and 
malate secretion processes has not been clearly investigated. Previous RNA-seq 
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analysis revealed a higher expression of Pi recycling pathways with maturation of 
clusters. Genes involved in Pi transport, degradation of nucleotides, Pi-independent 
bypass reactions in carbohydrate metabolism and synthesis of sulfolipids (which 
replace phospholipids in −P) were increasing with cluster maturation. The pathways 
leading to organic acids accumulation, such as the glyoxylate cycle (malate synthase, 
citrate synthase) and the PEP carboxylase-dependent carbohydrate catabolism were 
coordinately up-regulated in mature, active clusters. A shift from malate to citrate as 
the major carboxylate produced and secreted was confirmed, together with candidate 
release channel genes of the ALMT and MATE family. Increased biosynthesis of and 
reduced degradation both contribute to the high organic acid levels. Furthermore, 
accumulation and root exudation of phenolics (particularly isoflavonoids) increases 
with cluster maturation, which was paralleled by increased expression of the 
phenylpropanoid and flavonoids pathway. Interestingly, recent investigations by 
Gottardi et al. (2013) using an RNAi gene-silencing approach, suggested the role of a 
MATE transporter in isoflavonoid (genistein) exudation from cluster roots of white 
lupin. However, for citrate exudation, inhibitor studies and patch clamp experiments 
(Neumann et al., 1999; Zhang et al., 2004) seem to be more compatible with the 
involvement of an anion channel (which might be encoded by an MATE gene). The 
RT-qPCR data demonstrated the up-regulation of candidate genes with homology to 
MATE and ALMT at the mature stage, while the ALMT was also highly expressed in 
the roots of P-sufficient plants. Therefore, the mechanism of citrate/organic acid 
exudation in mature clusters and the putative involvement of MATE transporters 
and/or ALMT anion channels remain to be elucidated. 
2.4 Gene knock-out in crops by CRISPR/Cas9 
Zinc finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs) 
and clustered regularly interspersed short palindromic repeats (CRISPR)/Cas9 system 
are the main genome editing tools for targeted mutagenesis and other genome 
modifications in different cell types and organisms (Doyon et al., 2008; Lee et al., 
2010; Li et al., 2012; Ding et al., 2016). Among these main genome editing tools, the 
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CRISPR/Cas9 system is a new tool in the genome-editing toolbox and provide a 
versatile and efficient genome modification technology (Cong et al., 2013; Mali et al., 
2013). Figure 2 illustrates the sgRNA-Cas9 construction diagram. 
 
Fig. 2 Diagram of the sgRNA:Cas9 complex targeting in the plant genome. 
The system is based on the nuclease activity of Cas9 protein, the Cas9 endonuclease 
can cleave at a specific target site combined with a single guide-RNA (sgRNA) that 
binds directly to a 20-nt sequence on the target DNA. The site-specific catalytic action 
of this sgRNA-Cas9 complex is defined by a sequence of only ~20 consecutive 
nucleotides of sgRNA with a NGG motif located immediately after the 20-nt target 
DNA-which in Cas9 is known as the protospacer adjacent motif (PAM). Together 
with the Cas9 protein, sgRNA is able to form an RNA-guided endonuclease that 
mediates sequence-specific cleavage in the genome (Jinek et al., 2012).  
This bacterial CRISPR/Cas9 type II prokaryotic adaptive immune system-related 
system has already been wildly used in genome modification both in model plants and 
major crops, such as Arabidopsis (Jiang et al., 2013; Feng et al., 2014), tobacco (Gao 
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et al., 2015), rice (Shan et al., 2014), maize (Xing et al., 2014; Svitashev et al., 2015), 
wheat (Shan et al., 2014) and sorghum (Jiang et al., 2013). It is highly efficient at 
generating targeted mutations in stable transgenic plants, and homozygous mutations 
at the desired sites that can be created in the first generation, which has been proved 
to be an alternative nuclease-based method for efficient genome engineering. 
The CRISPR/Cas9 system, however, may be problematic especially in not fully 
sequenced organisms, as off-targets have been reported (Fu et al., 2013). With the 
available draft genome of lupin, target site design appears possible for white lupin. 
Another limitation for using white lupin as a model organism to study plant 
adaptation to P deficiency is due to its recalcitrance to transformation. Gene 
transformation will employ the optimized protocols for lupin transformation that are 
based on the initial studies from the Vance lab (Uhde-Stone et al., 2005), which is 
sufficient for root specific gene or local signal effect study. Establishment of a stable 
transformation protocol, however, is still critical for study of gene regulation network 
or systemic signal pathway. 
2.5 Objectives 
In white lupin, the outstanding efficiency of cluster roots to acquire fixed Pi is known 
for decades. Despite this early pioneering work, however, the peptide signaling 
required for their establishment have only recently started to be elucidated, and the 
mechanisms controlling organic acid release from roots are remain elusive, 
knowledge of the essential components required for cluster root formation and 
function may help to transfer this trait to other crops. 
We hypothesize that: 
(1) A peptide signaling exist in white lupin that regulating the cluster root formation, 
we aimed at LaCEP1 to characterize the function in cluster root formation and 
morphology. 
(2) MATE and ALMT genes are the candidates implicated in white lupin citrate and 
malate secretion in phosphorus deficient conditions, whether they both (or either) 
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contribute to Al tolerance. 
(3) Established a stable transformation protocol to investigate the gene function 
(MATE and ALMT) and networks in a stable generation in white lupin. 
The article entitled “The LaCEP1 modulates cluster root morphology in Lupinus 
albus” address the first hypothesis. We overexpressed this gene in lupin composite 
plants together with exogenous synthetic short functional peptides addition in the P 
deficient white lupin to evaluate the function of LaCEP1. 
The second article entitled “Loss of LaMATE reduces isoflavonoid release from 
phosphorus deficient white lupin cluster roots” to characterized the LaMATE function 
conferring to major root exudates secretion in P deficient white lupin. In this article, 
we tried to establish a stable transformation protocol together with hairy root 
transformation to investigate the LaMATE function. 
The third article entitled “Malate release by LaALMT1 from phosphorus-deficient 
white lupin root tips and a role in metal root to shoot translocation under aluminium 
stress” illustrated LaALMT1 function implicated in malate secretion and nutrients 
homeostasis. 
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3. Publications 
The present thesis consists of three scientific articles as reflected by chapter I-III, 
which form the body of the dissertation. The chapter I has been published, chapter II 
and chapter III have been submitted to peer reviewed journals. 
Publication I 
Zhou Y, Sarker U, Neumann G, Ludewig U. The LaCEP1 peptide modulates cluster 
root morphology in Lupinus albus. Physiologia Plantarum, 2019, 166(2): 525-537. 
Publication II 
Zhou Y, Neuhäuser B, Moradtalab N, Uhde-Stone C, Neumann G, Ludewig U. Loss 
of LaMATE reduces isoflavonoid release from phosphorus deficient white lupin 
cluster roots. (submitted to Plant Physiology) 
Publication III 
Zhou Y, Neuhäuser B, Neumann G, Ludewig U. Malate release by LaALMT1 from 
phosphorus-deficient white lupin root tips and a role in metal root to shoot 
translocation under aluminium stress. (submitted to Plant, Cell & Environment) 
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4. Chapter I 
The LaCEP1 peptide modulates cluster root morphology in Lupinus albus 
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5. Chapter II  
Loss of LaMATE reduces isoflavonoid release from phosphorus deficient white 
lupin cluster roots  
Abstract  
Cluster roots are brush-like structures found in some plant species, including white 
lupin (Lupinus albus) under phosphate-deficient conditions. Mature clusters 
massively secrete citrate and other organic compounds to mobilize sparingly soluble 
soil phosphates. In several species citrate release is mediated via MATE proteins 
(multidrug and toxic compound extrusion), but the function of LaMATE, a candidate 
for this citrate release that is highly up-regulated in clusters, is still unclear. 
Historically, white lupin has been quite resistant against obtaining stable transgenics, 
but using the LaMATE gene, we developed a method to recover genome edited 
mutants. Despite a promising protocol for lupin transgenics was established, we 
ultimately addressed the function of LaMATE in composite plants with efficiently 
genome-edited hairy-roots. LaMATE,-targeted mutant roots secreted less citrate and 
malate, but this was paralleled by simultaneously lower root contents of organic acids. 
Similarly, the xylem sap contained less organic acids, which ultimately resulted in 
slightly lower shoot zinc, but not iron concentrations. Heterologous expression of 
LaMATE in Xenopus oocytes did neither support a citrate transport function, but 
interestingly, the major flavonoid genistein that is also released from 
phosphate-deficient clusters, was massively reduced in exudates, suggesting that 
LaMATE might be involved in isoflavonoid release. 
 
Keywords: CRISPR/Cas9, MATE (Multidrug and toxic compound extrusion), 
phosphorus deficiency, transgenic, white lupin 
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Introduction 
Phosphorus (P) is an essential macroelement required by plants with low 
phyto-availability in most soils (Raghothama., 1999; Vance et al., 2003). To increase 
the availability of residual soil Pi, various plant species form cluster or proteoid roots, 
specialized brush-like structures that massively release organic acid anions to 
mobilize Pi from metal-Pi on soil surfaces via ligand exchange (Gardner et al., 1981; 
Gardner et al., 1983; Wasaki et al., 1999). Cluster roots are found in various 
indigenous plant species from Australia and Southern Africa that are well adapted to 
very low soil P, mainly members of the Proteaceae. The crop Lupinus albus (white 
lupin) also forms cluster roots under P-deficiency and has served for decades as a 
model to uncover cluster root development and physiology. Clusters not only increase 
the root surface area to enhance phosphorus acquisition, the mature clusters exude a 
huge carbon amount (up to 23% of the fixed carbon) in form of citrate, malate, 
isoflavonoids, as well as protons into the rhizosphere, allowing soil phosphate 
mobilization via ligand exchange and subsequent Pi acquisition (Dinkelaker et al., 
1989; Neumann and Römheld, 1999; Neumann and Martinoia, 2002).  
Many white lupin genes had been identified as differentially expressed under 
P-sufficient and P-deficient conditions and in distinct developmental phases of cluster 
development (O’Rourke et al., 2013; Secco et al., 2014; Wang et al., 2014). A 
massively up-regulated gene under P-deficiency in mature cluster roots was LaMATE, 
encoding a homolog of multidrug and toxin extrusion (MATE) membrane proteins. 
MATEs are found in several plant species to be involved in Al- or P-deficiency 
activated organic acid anion release. MATE transporter genes that are responsible for 
the Al-induced secretion of citrate and subsequent Al-chelation were initially 
identified in the monocots barley (Furukawa et al. 2007) and sorghum (Magalhaes et 
al. 2007). The rice MATE transporter OsFRDL1 also transports citrate, but it is 
expressed in the root pericycle and is involved in Fe-chelate translocation in the 
xylem (Yokosho et al. 2009), similar as FRD3, a MATE citrate transporter from the 
dicot Arabidopsis that is also localized in the vascular cylinder of roots (Durrett et al. 
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2007). Despite of the similarity in sequence, the plasma membrane localized 
LaMATE did not complement the FRD3 phenotype, potentially indicating a different 
function of LaMATE than that of the citrate transporter FRD3 (Uhde-Stone et al., 
2005). More recently, legume homologs of LaMATE, the LjMATE1 from Lotus 
japonicus (Takanashi et al., 2013) and MtMATE69 from Medicago truncatula (Wang 
et al., 2017) were also identified to be involved in distinct physiological processes 
related to Fe-chelate translocation; these shared the citrate transport function. Two 
more distant related MATE proteins from rice, OsPEZ1 and OsPEZ2 (O. sativa 
phenolics efflux zero 1 and 2), however, do not transport citrate, but protocatechuic 
acid, a phenolic compound assisting in Fe translocation (Bashir et al. 2011; Ishimaru 
et al. 2011). These latter MATEs are by sequence similarity closer related to 
intracellularly localized MATEs that transport various flavonoids or even flavonoid 
glycosides (Zhao and Dixon, 2009; Zhao et al., 2011, Takanashi et al., 2014). While 
several MATEs thus function in metal ion homeostasis for Fe translocation or 
Al-chelation in the rhizosphere, other MATE genes display functions in secondary 
metabolite (flavonoid, xenobiotic, alkaloid) and even phytohormone (abscisic acid) 
transport (Takanashi et al., 2014). The role of LaMATE in citrate exudation, as 
inferred from the structural similarity with citrate transporters in other species, 
remains to be established. 
Unfortunately, the lack of high throughput transformation and recovery protocols for 
white lupin to obtain stable transgenics has hampered more detailed molecular genetic 
studies in this species. However, composite transgenics with an Agrobacterium 
rhizogenes transformed hairy root and a wild type shoot allowed to study root gene 
function in this species (Uhde-Stone et al., 2005). The recent development of novel 
genome editing techniques, such as CRISPR/Cas9 (Wolter and Puchta, 2017; Pacher 
and Puchta, 2017; Scheben et al. 2017) and the recent publication of its genome 
sequence (Hufnagel et al., 2019; www.whitelupin.fr) will likely further stimulate 
further molecular studies in white lupin. 
Citrate is the dominant organic acid anion released in pulses of 1-3 days from mature 
Chapter II 
 
36 
 
clusters of P-deficient white lupin roots (Neumann et al., 1999). Prior to this main 
peak of citrate excretion, malate and isoflavonoids, primarily genistein, 
hydroxygenistein and its mono- and diglycosides, are also secreted in large amounts 
into the rhizosphere (Neumann et al., 1999, Weisskopf et al., 2006a). Isoflavonoids 
and their glycosides inhibit bacterial consumption of the released citrate (Weisskopf et 
al., 2005, 2006b), attract beneficial rhizobacteria for root nodule symbiosis and also 
help solubilizing Pi from metal-Pi complexes by indirect redox and solubilization 
effects on the metal (Tomasi et al., 2008). Citrate, but not malate, is also specifically 
exuded from clusters after Al exposure to chelate this toxic metal externally and 
prevent it from damaging the root tissue (Wang et al., 2007). 
Here, the candidate citrate transporter LaMATE was further characterized in Xenopus 
oocytes to elaborate and comprehend its potential function in exudate release from 
clusters. We also established an Agrobacterium tumefaciens system for stable 
transformation of the white lupine plant, but finally used composite hairy root 
transgenics via Agrobacterium rhizogenes for the phenotype of the loss of LaMATE 
gene. 
Material and methods 
Electrophysiology and citrate transportation assay in Xenopus oocytes 
The coding region of LaMATE was amplified from white lupin cDNA and subcloned 
into the oocyte expression vector pOO2. Complementary RNA (cRNA) was prepared 
from the linearized (MluI) plasmid DNA templates using the mMESSAGE 
mMACHINE
®
 Kit (Life Technologies GmbH, Darmstadt; Germany) following the 
manufacturer’s instructions. The cRNA was divided into 2 µL aliquots and stored at 
−80℃ until injection. The electrophysiological methods are described in more detail 
elsewhere (Mayer & Ludewig, 2006). Briefly, oocytes were ordered at Ecocyte 
Bioscience (Castrop-Rauxel, Germany), presorted again, and injected with 50 nL 
either water or cRNA encoding LaMATE and incubated in ND96 at 18°C for 3 to 4 d. 
Recordings were performed in both control oocytes and LaMATE-expressing oocytes 
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that were preloaded or not with citrate or water 2 h prior to the recording. Preloading 
was achieved by injecting each cell with 50 nL of 50 mM sodium malate. The 
composition of the ND96 and recording solution were identical as described by Straub 
et al. (2017). 
For determination of citrate efflux activity, 50 nL of 50 mM 
13
C-labeled citrate (pH 
7.2) were preloaded into 3 days-incubated oocytes expressing LaMATE cRNA. The 
oocytes were washed for three times with ND96 solution (pH7.4), and then 
transferred into 1 mL fresh ND96 buffer for 30 min incubation at room temperature. 
Subsequently the oocytes were washed again 2 times with ND96 solution and one 
time with MQ water. Oocytes were separated in groups of three intopre-balanced tin 
cups and then stored at −20°C. A sample of the external buffer and freeze-dried 
oocytes were subjected to measurement of total 
13
C abundance. 
Agrobacterium strains and plasmid vector preparation. 
In this manuscript, three kinds of binary vectors were used in several transformation 
trials, they were pUTbar::GFP, pCas9::MATEPS1 (or pCas9::MATEPS2), 
pCas9::MATEPS1-GFP (pCas9::MATEPS2-GFP), all these vectors contain a bar 
selection gene, GFP was amplified by PCR using the pUTbar::GFP as a template, and 
cloned into pCas9::MATEPS1 (or pCas9::MATEPS2) to generate 
pCas9::MATEPS1-GFP (pCas9::MATEPS2-GFP). A. tumefaciens strain GV3101 
was used for whole plant transformation. Positive colonies were selected and 
subsequently cultured in LB liquid medium with appropriate antibiotics until the 
OD600 reached 0.8. Cells were centrifuged and resuspended in MS media containing 
20 µM acetosyringone for explants inoculation.  
Plant material, preparation of explants and acclimation of rooted plants. 
Sterilization of L. albus (cv. orus) seeds was performed as follows: Prior to 
sterilization, the seeds were washed thoroughly under running tap water for three 
times. Then they were transferred into 70% ethanol for 20 min followed by 6 min of 
12% commercial bleach (NaClO3) containing two drops of Tween-20 as a wetting 
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agent. The seeds were later rinsed thoroughly with autoclaved distilled H2O for four 
times to remove residual traces of bleach. 
Transformation strategy I) Sterilized seeds were germinated in darkness for 4 days at 
20°C. The distal part of cotyledons and roots were excised. These “truncated 
seedlings” were placed in Petri dishes with MS salts without regulators for 3 days at 
25°C/18°C day/night and 16/8 h light/dark. The “truncated seedlings” were immersed 
in Agrobacterium solution for 1 h at 28°C, then driedand placed in co-cultivation 
media for 2 days in darkness at 28°C. After co-cultivation, explants were transferred 
into calli induction media until the calli reached the growth of 3 mm (after 2 weeks 
the media was replaced). At the stage of 3 mm the calli were excised from the 
explants, transferred into shoot induction media and grown at 25°C/18°C day/night 
and 16/8 h light/dark until 0.5 cm height was reached. At that stage, shoots were 
divided and transferred into shoot elongation media. Shoots were selection for 
transformation by BASTA. When selected shoots reached 3-4 cm height, they were 
transferred into rooting media. 
Transformation strategy II) Entire seeds, hypocotyl or cotyledons from sterilized and 
overnight germinated seeds were placed in calli induction media, calli were induced 
by 2 weeks incubation in dark condition at a temperature of 25°C. Calli were then 
excised from the explants when they reached the width of 3 mm. The excised calli 
were infected with A. tumefaciens and placed in co-cultivation media for 2 days. After 
co-cultivation, calli were transferred in shoot induction media. 
Transformation strategy III) Sterilized seeds were germinated overnight. The seed 
coats were removed and the distal part of cotyledons and radicles were excised. The 
embryos were then secured with forceps, pierced with a needle and sliced with a blade. 
The slices were put in a beaker with Agrobacterium at 28°C for 2 h. The explants 
were then moved in cocultivation media and grown for 2 days at 25°C with 16/8 h 
light/dark. After that, the explants were moved into petri dishes with shoot induction 
media for 2 weeks. Afterwards, shoot inducted explants were placed in deep Weck
®
 
glasses with shoot induction media for another 2 weeks. Then the explants were 
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moved in shoot elongation media, until the shoot reached the height of 4 cm. At that 
time, the shoots were placed in rooting induction media. 
Acclimation of rooted plants: rooted plants were kept in rooting media for another 2 
to 3 weeks until the roots were well developed with a length of approximately 5 cm, 
the agar was carefully washed off the roots, the plants were transferred into sterilized 
soil: sand mixture (80% : 20%) pre-wetted with liquid rooting media. Each plant was 
initially covered with a transparent plastic bag for one week to maintain the humidity. 
Trays were placed in the growth chamber with a light period of 16 h, and 24°C/18°C 
day/night temperature, light intensity of 200 µmol m
−2
 s
−1 
and
 
relative humidity of 
60%. 
Agrobacterium rhizogenes-mediated lupin transformation 
A. rhizogenes strain A4T (Quandt et al., 1993) was employed for hairy root 
transformation. White lupin seeds (L. albus cv. orus) were surface sterilized in 70% 
(v/v) ethanol for 20 min followed by 12% (v/v) commercial bleach (NaClO3) 
containing 2 drops of tween-20 for 6 min and five washes with sterile deionized water. 
Seeds were plated on wet filter paper and germinated overnight in darkness at 23°C. 
From germinated seeds with approximately 10 mm radicles, approximately 3 mm tip 
sections were removed with a sterile scalpel. The radicles were inoculated with the 
appropriated A. rhizogenes containing either the LaMATEPS1 construct or empty 
vector control constructs, and co-cultivated on Murashige and Skoog (MS) plates 
containing 150 µM acetosyringone for three days. Six seedlings were placed on 75 
mL slanted agarose (0.6% in 1×Hoagland solution) in clear round trays with covers 
(Greiner). Plates were then vertically placed in an incubator at 25°C with 16 h 
photoperiod and a light intensity of about 200 μmol s−1 m−2. Seedlings were 
transferred into P-deficient hydroponics after 2-week incubation. For the Al treatment, 
pre-cultured P deficient plants were treated for two days in 2.5 mM CaCl2 solution 
containing 20 μM AlCl3 at pH 4.5 before final harvest. 
DNA extraction and PCR confirmation  
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Plant genomic DNA was extracted from 50 mg of in vitro grown leaves with quick 
genomic DNA extraction method (reference), PCR analysis was performed to confirm 
the presence of the transgene (GFP) using the following specific primer pairs: 
GFP_FW(5’- GCACTAGTCGACGAGTCAGTAAT-3’) and 
GFP_RV(5’-GCACGCGTTTGATGCATGTTGTC-3’) . Control reactions comprising either 
plasmid DNA template or water were included. The protocol for PCR reactions was set 
as: an initial denaturation of 98°C for 2 min, 30 cycles of 98°C 30 s, 55°C 30 s, 72°C 2 
min, and an extension of 72°C for 10 min. Amplification products were resolved on 1.0 % 
agarose gels by gel electrophoresis in TAE buffer and visualized with a Bio-Rad Gel 
Doc imaging system. 
Mutation (indel) screen assay and genotyping 
Genomic DNA from white lupin T0 transgenic plants was extracted using quick 
genomic DNA extraction method, and the genomic flanks containing the target sites 
were amplified using specific primers (Supplementary Table). PCR products of 
MATEPS1 plants, purified from agarose gel, were digested with 0.5 μL HindIII for 1 h 
at 37°C and then subjected to 1.5% agarose gel electrophoresis. For genotyping of T0 
plants, the PCR products amplified with specific primers (Supplementary Table S4) 
were directly subjected for sequencing. Multi-sequence alignment was conducted for 
indel screen. 
Root exudate, xylem sap sampling and analysis 
The whole root system was rinsed for three times before it was submerged into 
aerated deionized water for 2 h for exudate collection, and 10 mL subsamples of the 
exudates solution were filtrated through 0.2 µm membrane and frozen at −20 °C until 
analysis. For xylem sap collection, shoot parts were removed with a sterilized razor, 
sorption filter papers were placed on the wounded surface for 2 h, the total volume of 
xylem sap was quantified and extracted with 200 μL distilled water and frozen in 
−20oC.  
The subsamples were analyzed for organic acid concentrations and phenolics by a 
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reversed-phase high performance liquid chromatography (HPLC), as previously 
described by (Neumann et al., 1999). Briefly, the separation of organic acids was 
conducted on a reversed phase column (250 mm long, 4 mm i.d.; GROM-SIL 120 
ODS-3CP, 5 µm particle size) equipped with a Hypersil ODS guard column (20 mm 
long, 4 mm i.d.; Grom, Herrenberg, Germany). Sample solutions (20 µL) were 
injected onto the column, and 18 mM KH2PO4 (adjusted to pH 2.1 with H3PO4) was 
used for isocratic elution with a flow rate of 0.7 mL min
−1
 at 40°C and UV detection 
at 210 nm. Identification of organic acids was performed by comparing retention 
times and absorption spectra with those of known standards. 
For the determination of phenolics, the mobile phase consisted of phosphate buffer 
(18 mM KH2PO4, pH 2.1 adjusted with H3PO4) and methanol. Samples were eluted 
with the following linear gradients: from 0 to 15 min 40% methanol (60% phosphate 
buffer) to 100% methanol, then 5 min 100% methanol and from 20-25 min 100% 
methanol to 40% phosphate buffer to re-establish the initial conditions before the 
injection of another sample. The flow rate was 1 mL/min, the injection volume was 20 
µL and column temperature was maintained at 40℃. The gradient elution was 
performed on a reversed phase C-18 column (GROM-SIL 120 ODS ST, 5 µm particle 
size, 290×4.6 mm), equipped with a 20×4.6 mm guard column with the same 
stationary phase (Dr. Maisch HPLC GmbH, Ammerbuch, Germany), with direct UV 
detection at 270 nm. Genistein identification and quantification were conducted by 
comparison with a Genistein standard (ROTH, Karlsruhe, Germany). 
Shoot metal element determination  
Shoots of control and hairy root transformed lupin were oven-dried. Over 200 mg of 
dried shoot material was ashed for 5 h in a muffle furnace at 500°C. After cooling, the 
samples were extracted twice with 1 mL of 3.4 M HNO3 and evaporated until dryness 
to precipitate SiO2. The ash was dissolved in 1 mL of 4 M HCl, subsequently diluted 
ten times with hot deionized water, and boiled for 2 min. The concentrations of iron 
(Fe), manganese (Mn), zinc (Zn) and copper (Cu) were measured using atomic 
absorption spectrometry (ATI Unicam Solaar 939, Thermo Electron, Waltham, USA). 
Chapter II 
 
42 
 
The concentrations of potassium (K) and calcium (Ca) were measured by flame 
emission photometry (ELEX 6361, Eppendorf, Hamburg, Germany).  
Calculation of regeneration efficiency 
The regeneration efficiency was calculated by number of regenerated shoot (root)/ 
total inoculated explants ×100 (Polowick et al., 2014). 
Statistical analysis 
The data were analysed by ANOVA with least significant difference test using the 
SAS for windows Version 9.4 (SAS Institute Inc., USA). Statistically significant 
differences (P < 0.05) are indicated with different characters in the figures and tables. 
Results  
Of the large number of MATE genes found in the white lupin genome, several were 
highly expressed and up-regulated in mature cluster roots (Secco et al., 2014; Wang et 
al., 2014), including LaMATE, which had been partially characterized earlier 
(Uhde-Stone et al., 2005). While the predicted LaMATE sequence has higher 
similarity with citrate transporting MATEs, several other homologs expressed in 
clusters were more related to a distant branch of non-citrate transporting MATEs (Fig. 
1A). 
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Fig. 1 LaMATE phylogenetic analysis and functional characteristics of LaMATE expressed in 
Xenopus oocytes.  
(A) Phylogenetic relationships between LaMATE, other MATE like proteins in Lupinus albus dataset 
(LAGI01_21605 = LaMATE; LAGI01_13915; LAGI01_29643; LAGI01_20818, LAGI01_34401) and 
several functionally characterized MATEs from various plant species. Numbers represent bootstrap 
values obtained from 1,000 trials. Abbreviations for species are as follows: At, Arabidopsis thaliana; 
Os, Oryza.sativa; Hv, Hordeum vulgare; Sb, Sorghum bicolor; Lj: Lotus japonicas; La, Lupinus albus; 
Mt, Medicago truncatula. (B) Current-voltage relationships in non-expressing and 
LaMATE-expressing oocytes bathed in choline-based solution at pH 5.5. Open symbols represent IV 
curves from oocytes injected with 50 nL of 50 mM citrate. (C) Retained and exuded 13C label from 
oocytes preloaded with 50 nL of 50 mM 13C-labeled K-citrate after 30 min incubation. Water injected 
controls (white bars) and LaMATE-expressing oocytes (grey bars). Values represent the mean ± SE (n 
= 5). 
Transport characteristics of LaMATE in Oocytes 
To examine the electrophysiological properties of LaMATE, a heterologous gene 
expressing system using Xenopus laevis oocytes was used. Oocytes were incubated in 
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a recording solution with choline chloride as the major ions, buffered at pH 5.5 to 
reflect the acidic apoplastic pH. LaMATE cRNA expressing oocytes with or without 
pre-loading with potassium citrate as well as water injected controls were measured 
by two-electrode voltage-clamp to characterize the potential LaMATE citrate release 
function from cells. When compared to control cells, LaMATE expressing oocytes had 
the tendency to have slightly larger inward currents than control cells (Fig. 1B). 
However, pre-loading cells with potassium citrate did not affect LaMATE elicited 
inward currents and the reversal potential was unchanged by citrate injection prior to 
recording in LaMATE1-expressing oocytes. Currents in control cells were as well not 
affected by pre-injection with citrate (Fig. 1B). Furthermore, the release of 
13
C-labeled citrate from pre-loaded oocytes and the 
13
C retained in the cells was 
similar in oocytes expressing LaMATE and non-expressing control cells. We detected 
a slightly increased 
13
C amount of labeled citrate retained in the control cells and a 
minor tendency for slightly increased 
13
C-citrate efflux into the bath solution, but this 
is not consistent with LaMATE-mediated effective citrate efflux from oocytes (Fig. 
1C).  
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Exploration of in vitro transformation and regeneration 
Transgenic plants are prerequisite for the study of the genetic bases of signaling 
pathways implicated in cluster root formation and function. Using the white lupin 
cultivar L.albus cv. Orus we tested three independent transformation and regeneration 
assays using various explants and growth regulators. In the first assay (Fig. 2), we 
partially cut off the cotyledon and the root radical of germinated sees (referred as 
“truncated seeds”), but after the co-cultivation period the subsequent callus induction 
stopped. We thought that explants and induction procedure may play a vital role in 
plant regeneration, thus three kinds of explants (Fig 2II), seeds, hypocotyl and 
cotyledon, were conceived in the second assay, some white callus were induced and 
were excised from explants after 3 to 4 weeks’ induction, these callus buds were 
inoculated with Agrobacterium tumefaciens for further co-cultivation. Unfortunately, 
the co-cultivated callus did not induce a shoot. Keeping the embryo will make 
difference, thus in the third assay (Fig. 2III), the sliced embryos were directly 
performed for inoculation and co-cultivation and then subjected into shoot induction, 
elongated shoots were transferred into root induction media, the plantlet with several 
lateral root branches were transferred into sterilized soil for acclimation. 
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Fig. 2 Distinct regeneration success from different transformation strategies. 
I(a)-I(b) Truncated germinated seeds were used as the explants I(a), co-cultivation I(b); 
II(a)-II(b) Seeds, hypocotyl or cotyledon were used as the explants II(a), callus induction II(b), 
co-cultivation II(c); 
III(a)-III(d) sliced embryos were used as the explants III(a), shoot induction III(b), root induction III(c), 
acclimated plants III(d). Scale bars are 5 mm. 
Overview of the protocol for regeneration and regeneration  
The initial transformation and regeneration system was similar to the system 
developed previously for Tarwi (Polowick et al., 2014). Fig. 3 illustrates an improved 
protocol of this method with Agrobacterium-mediated production of transgenic 
lupines with a vector coding for a ubiquitous, constitutively expressing GFP reporter 
gene. A series of different media were evaluated to generate transformed lupin 
(supplemental tables S1 & S2), and the optimized media composition for each stage 
of plant regeneration are presented in Table 1.   
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Table 1 Media composition for the different stages of the regeneration of transgenic white lupin 
plants using Agrobacterium. tumefaciens (strategy III). 
 
Longitudinally sliced embryos were used as explants. These sliced embryos were 
stabbed at least 30 times before submerged into Agrobacterium suspension for 2 h 
infection (Fig. 3A). Slicing and stabbing were considered to increase the wounded 
area for obtaining positive transformants. The infected explants were then placed on 
sterile filters under the clean bench for 20 min before transferring into co-cultivation 
media with acetosyringone, but without addition of plant regulators (Table 2, Fig. 3B). 
The presence of acetosyringone in the cocultivaiton medium was essential for 
increasing transformation efficiency, as described in previous studies (Polowick et al., 
2000). 
  
Components Co-cultivation 
Shoot 
induction 
Shoot 
elongation 
Root induction Reference 
Salts MS MS MS 1/2MS 
Polowick et 
al., 2014 
 
Vitamins Gamborg B5 Gamborg B5 Gamborg B5 Gamborg B5 
sucrose 30 g L
−1
 30 g L
−1
 30 g L
−1
 30 g L
−1
 
BAP - 3 mg L
−1
 0.1 mg L
−1
 - 
IBA - - - 4 mg L
−1
 
Acetosyringone 200 µM - - - 
Amox/clav - 400/80 mg L
−1
 400/80 mg L
−1
 400/80 mg L
−1
 
Agar 0.80% 0.80% 0.80% 0.80% 
pH 5.7 5.7 5.7 5.7 
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Table 2 Regeneration efficiency in different assay with different constructs. 
 
Name Selection pressure 
Regeneration efficiency 
Shoot Root 
pUTbar-gfp - 48/130 (37%) 9/48 (18.80%) 
pCas9-MATEPS2 - 48/120 (40%) 3/48 (6.30%) 
pCas9-MATEPS2-gfp - 35/62 (56%) 2/35 (5.70%) 
pCas9-MATEPS1-gfp 15 mg L
−1
 95/118 (80%) 4/63 (6.3%) 
pCas9-MATEPS2-gfp 15 mg L
−1
 92/135 (68%) 2/78 (2.6%) 
 
The shoot buds began to emerge within 2 weeks, with a shoot induction rate of over 
50%. Appropriate antibiotic concentrations enhanced the efficiency of obtaining 
positive transformants without jeopardizing the survival of transformed tissues. The 
vectors used here contain the BASTA selection marker, which confer resistance to 
L-methionine sulfoximine as a selection chemical. The permissive levels of 
L-methionine sulfoximine (MSX) in shoot induction medium were in the range of 2 
mg/L, while up to 20 mg/L MSX reduced shoot growth and induced dark brown 
leaflets at higher concentrations, shown in the Fig. 3C (inset). Antibiotic resistant 
shoots were further placed into shoot elongation medium for further two weeks of 
growth establishment (Fig. 3D).  
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Fig. 3 Transformation steps and phenotypes of regenerated transgenic plants. 
(A) Agrobacterium preparation and explants infection; (B) Co-cultivation; (C) Shoot induction and 
antibiotics selection; (D) Shoot elongation; (E) Root induction; (F) Acclimated plants; (G) 30 days after 
acclimation; (H) 55 days after acclimation; (I) PCR analysis of DNA from regenerated plants. The 
lanes are as follows: N (negative): non-template control, P (positive): constructs plasmid as template, 
DNA from T0 regenerated plants (individual lines #1, 2, 3, 4). Scale bars are 5 mm (B,C,D,E,F), 1 cm 
(A,G) and 5 cm (H)  
Although root initiation media commonly also contain the selection chemical to 
minimize the number of false positives, the selection antibiotic was omitted in the 
rooting medium because of the extremely low rooting efficiency (Table 2). The root 
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was induced after 2-4 weeks. Rooted plants were transferred into sterile soil for 
acclimation (Fig. 3F). Surviving plants were placed either in a climate chamber or in 
the greenhouse for further growth and reproduction (Fig. 3G,H). Green fluorescence 
resulting from GFP was monitored with confocal microscopy in leaves and confirmed 
transformed plants, however, substantial auto-fluorescence overlapped with the GFP 
signals (supplemental data Fig. S3). The GFP reporter gene was also ultimately 
detected in four transgenics by PCR (Fig. 3I).  
 
Fig. 4 Mutant identification in transgenic roots. 
Targeted mutations detection in regenerated plants (A) and A.rhizogenes transformed plants (B-D) by sequencing. 
(A) The target fragments were amplified by PCR from genomic DNA which was extracted from independent 
transgenic plants leaves. No obvious base changes or sequence peak overlaps were found in the targeted fragments. 
(B) Detecting of target mutations by HindIII enzyme digestion assay. The target fragments were amplified by PCR 
from genomic DNA which was extracted from independent transgenic plants roots. WT: wild type, 4C-13B 
represents independent transgenic plants of sgRNA1-MATE. Arrows indicate the digested fragments by HindIII. 
(C) The frequency of deletion (d), insertion/exchange (i) and combined (c) mutations is shown. x-axis: d#, number 
of bases deletion at target site; i#, number of bases insertion at target site; c#, combined mutations. (D) Alignment 
of sequences with Cas9-induced mutations in the target sites of LaMATE gene. The wild-type (WT) sequence is 
shown at the top. The sequences targeted by the synthetic sgRNAs are shown in in green, and mutations are shown 
in red. 
CRISPR/Cas9 mediated mutagenesis in transgenic lines  
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Based on this in vitro regeneration protocol, we considered it promising to elucidate 
the function of LaMATE via CRISPR/cas9 mediated mutagenesis. For this purpose, 
two independent CRISPR/cas9 vectors were constructed that targeted the LaMATE in 
two independent sites. The 20-nt target region (protospacer) was followed by the 
5’-NGG protospacer adjacent motif (PAM) for Cas9 cleavage and a HindIII restriction 
site for later mutant identification. Four individual lines using the above protocol were 
recovered, the target regions were amplified by PCR, and the PCR fragments were 
directly sent for sequencing. However, the regenerated lines did not have mutations in 
the target region (Fig. 4A). 
Fig. 5 Citrate and malate of root exudates from wild type and mutant plants. 
Citrate (A,B) and malate (C,D) in root exudates without Al (A,C) and with Al (B,D) collected in 
distilled water for 2 hours. Carboxylates were enzymatically measured and confirmed with HPLC. 
Values are means ± SE (n = 8-12). Wild type (black bars), matePS1 mutants (grey bars), mate PS2 
mutants (white bars). Different letters indicate significant differences between treatment (P<0.05) by 
one-way ANOVA. 
 
To evaluate Cas9/sgRNA activity in white lupin, we therefore generated 16 transgenic 
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composite white lupin plants via A. rhizogenes transformation. Each transgenic root 
was randomly divided into three segments, indicated as #A, #B and #C. PCR 
amplification of a 391 bp region surrounding the target interval was carried out on 
these DNA samples and the PCR products were digested with HindIII. Restriction 
analysis indicated that DNA fragments derived from the mutants were mostly resistant 
to digestion, indicating that mutations close to the protospacer adjacent motif occurred, 
but residual cut fragments were also identified, indicating hererogenity of genomic 
DNA in the sample (Fig. 4B) Fragments were subsequently sequenced by Sanger 
methods and identified two deletion types, of 1 bp in #7A and #11B, and 27 bp in #4C 
(Fig. 4C,D). Base pair exchanges ranging from 1 bp in #8A, #9B and #11A to 2 bp in 
#7B and #7C were also found around the expected cleavage site (Fig. 4C,D). 
Combinations of these indicated that mixtures of mutations (deletions and 
exchanges/insertions) occurred in the target regions of individual plants (Fig. 4C,D). 
These mutation types were randomly spread in the target region. Within 20 mutant 
samples, the combined mutations occurred most frequently, up to 60%, followed by 
the insertion type (20%) and the deletion type (20%). Most of the mutations induced 
by the CRISPR/Cas9 system resulted in a short nucleotide changes (≤ 3bp), except in 
samples #4C and #13B. Most mutations occurred close to the cleavage site, consistent 
with the results of previous reports on soybean and rice (Li et al., 2015; Mikami et al., 
2015). 
 
 
 
 
 
Chapter II 
 
53 
 
 
Fig. 6 Citrate (A, B) and malate (C, D) determination in transgenic root tissue from wild type and 
transgenics in P deficiency.  
(A,B) Citrate and (C,D) malate in root tissue of composite transgenic plants without Al (A, C) and after 
two additional days of –P and +Al stress (B, D) collected in distilled water for 2 hours. Empty 
plasmid-transfected transgenics that were wild type in the LaMATE locus served as controls (WT, 
black bars). Mutants for each target site (matePS1, grey bars and mate PS2, white bars) were grouped 
as one group, irrespective of the mutation that occurred in the individual root (which may not lead to 
complete loss of function of LaMATE). Different letters indicate significant differences by one-way 
ANOVA (P < 0.05; n = 8-12). 
Organic acid anions in the root exudates, root tissue and xylem sap 
We investigated these mate mutants for differences in organic acid anions (mainly 
citrate and malate) in root tissue, root exudates and xylem sap. Plants that underwent 
the same transformation protocol with empty vectors were considered as wild type (wt) 
in the LaMATE locus and served as controls. Mutant roots targeting either site 
(mate-PS1 and mate-PS2) in LaMATE, irrespective of the type of mutation that 
occurred in this position, were grouped together and handled as uniform mutants, 
although not all may lead to a full loss-of-function of LaMATE. In plants grown in P 
deficient conditions, citrate (Fig. 5A) and malate (Fig. 5C) released from the root 
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tissue tended to be lower in both lines targeting independent matePS sites than in wt 
plants. When P-deficient plants were subsequently additionally exposed to Al stress 
for two additional days, the citrate and malate released was, however, not significantly 
reduced compared to the control plants, while malate tended to be even increased (Fig. 
5B,D). Because Al stress in white lupin is known to specifically target citrate release 
(Wang et al., 2007) and potential malate transport by MATEs is unusual, we 
considered the possibility that an overall change in the root metabolism hay have 
occurred and measured the internal concentrations of citrate and malate in the root 
tissue. Interestingly, the reduction of organic acid anions in exudates was paralleled 
by diminished concentrations of citrate and malate in the root tissue in mutant lines 
(Fig. 6A,C). The same trend was seen for both groups of mutants that independently 
targeted different sites in the LaMATE genome sequence, ruling out completely 
unspecific effects of potential off-site targets from the CRISPR method. Under 
additional Al stress for two further days, citrate and malate in the tissue tended to be 
reduced in controls compared to the mutants, somewhat resembling the situation in 
the exudates (Figs. 5,6). Since the LaMATE is a close homolog of AtFRD3 and 
OsFRDL1 from Arabidopsis and rice, respectively, which are involved in iron (Fe) 
translocation to the shoot via loading of the iron chelator citrate into the xylem, we 
also measured the organic acid concentrations in the xylem sap. We found that both 
mate mutant groups had decreased malic acid concentrations in the xylem sap (Fig. 7). 
Furthermore, citric acid also tended to be reduced, while fumaric acid tended to be 
increased and acetic acid, malonic acid, trans-aconic acid and maleic acid were 
indistinguishable among controls and mutants (Fig. 7). 
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Elemental analysis of shoot 
Since homologs of LaMATE function in long distance metal translocation to the shoot 
and the mutant composite plants had altered organic acid concentrations in the xylem, 
the shoot concentrations of Fe, Zn, Cu, Mn, K and Ca were determined under P 
deficient conditions. Interestingly, compared with control plants, Zn was slightly, but 
significantly reduced in both mate mutant groups that were transfected with sgRNAs, 
Fe was only reduced in the plants targeted with the matePS2 construct, while all other 
elements were unchanged (Fig. 8). The altered shoot metal concentrations may result 
from altered organic acid concentrations in the xylem of LaMATE mutants of 
P-deficient white lupin. 
Fig. 7 Organic acids in the xylem sap from controls and transgenics grown without phosphorus.  
Empty plasmid-transfected transgenics that were wild type in the LaMATE locus served as controls 
(WT, black bars). Mutants for each target site (matePS1, grey bars and matePS2, white bars) were 
grouped as one group, irrespective of the mutation that occurred in the individual root (which may not 
lead to complete loss of function of LaMATE). Different letters indicate significant differences by 
one-way ANOVA (P < 0.05; n = 8-12) 
 
Isoflavonoid determination in root exudates  
Prior to citrate exudation, cluster roots massively secrete phenolic metabolites, 
primarily the isoflavonoid genistein and its glycosides into the rhizosphere 
(Weisskopf et al., 2006). To examine whether LaMATE might be involved in 
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flavonoid efflux, we measured HPLC profiles of root exudates from P deficient 
control and mutant plants using a methanol gradient. Interestingly, one major peak in 
the HPLC chromatograms from root exudates appeared specifically and consistently 
reduced in the mutant groups (Fig. 9A). The elution time of this substance overlapped 
with that of genistein, confirmed also by HPLC-MS analysis, as a major flavonoid 
released from while lupin clusters (Fig. 9B). In both mutant groups, the amount of this 
compound in root exudates was massively reduced (Fig. 9C), in agreement with 
reduced efflux from mate mutant roots compared to the controls. We ultimately 
purified this substance underlying the chromatogram peak from control exudates and 
verified its identity as the isoflavonoid genistein by HPLC-MS (Fig. 9D). 
Discussion 
White lupin has been a very successful model to study its efficient physiological and 
morphological plant adaptations under phosphate deficiency (Liu et al., 2005; 
Uhde-Stone et al., 2005). However, the absence of a comprehensive and efficient 
transformation protocol to generate stable transgenics hinders genetic studies and the 
analysis of individual genes in white lupin. Efficient root transformation by 
A.rhizogenes generates composite plants with wild type shoot and has been used to 
preliminary study LaMATE characteristics (Uhde-Stone et al., 2005). To extended 
genetic studies we explored the possibilities of generation a transformation protocol 
for stable transgenes employing genome editing technology on LaMATE and further 
characterized LaMATE using a heterologous expression system to reveal its 
electrophysiological properties in oocytes.  
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Fig.8 The concentration of metal in the P-deficient shoot of composite plants.  
Nutrient element concentrations (means ± SE, n = 8-12) in P deficiency. Wild type (black bars), mate 
PS1 mutants (grey bars), mate PS2 mutants (white bars), different letters denote significant differences 
between treatments (P<0.05) by one-way ANOVA. 
 
Lack of citrate currents in oocytes expressing LaMATE 
Although LaMATE exhibits sequence similarity groups with several citrate 
transporters (Fig. 1), we did not record any citrate-associated ionic currents by 
LaMATE in Xenopus oocytes. LaMATE-expressing oocytes tended to have slightly 
increased inward currents, independent of citrate injection prior to the recording (Fig. 
1). Inward currents by convention indicate the efflux of anions (e.g. citrate or chloride) 
or the influx of cations (e.g. of choline
+
 or H
+
). By contrast, a hypothetical 
non-electrogenic transport of the uncharged citric acid by LaMATE might not elicit 
currents in oocytes. We therefore performed 
13
C-labeled citrate efflux assays in which 
the total amount of 
13
C released from oocytes and the amount retained in the cells 
expressing LaMATE were measured. These experiments neither gave indication for 
citric acid export by LaMATE, minor differences may have resulted from unequal 
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pre-loading of the cells (Fig. 1).  
White lupin transformation and regeneration 
White lupin has been quite recalcitrant to Agrobacterium-mediated transformation and 
regeneration. In peanut, transformation and regeneration are highly influenced by the 
choice of the explant (Cheng et al. 1996; Bhatnagar-Mathur et al. 2008; Singh and 
Hazra 2009) and this was similar in white lupin. Sliced embryos were most competent 
for in vitro transformation and regeneration of white lupin (Fig. 2), similar to the in 
vitro regeneration system of some other lupin species (Kozak et al., 2012; Polowick et 
al., 2014). While composite white lupin plants with transgenic roots by use of A. 
rhizogenes-mediated transformation have wild type shoots (Uhde-stone et al., 2005; 
Zhou et al., 2019), calli induced from transgenic root sections were unable to 
differentiate into whole plants. Transgenic white lupins obtained with an optimized 
ratio of plant regulators were positive for a parallel transformed marker gene (GFP), 
but did not efficiently generate mutations in the LaMATE target site via CRISPR/Cas9 
technology (Figs. 3,4). Whether mutations in other genes can be introduced that are 
inherited to the filial generations, should be tested with additional gene candidates.  
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Fig. 9 Identification of genistein in exudates collected from mutants and WT plants mutants. 
(A) HPLC chromatograms obtained via methanol gradient from controls (red) and mutant (blue) 
exudates. (B) Overlap between major peak from controls (red) and genistein standard (black). (C) 
Comparison of genistein quantity in empty plasmid-transfected transgenics that were wild type in the 
LaMATE locus that served as controls (WT, black bars) and mutants for each target site (mate PS1, 
grey bars and mate PS2, white bars). (D) Mass spectrometric detection of genistein as major 
component in the exudate mixture from the controls. Inset: UV-absorption of genistein standard and its 
structure. Different letters indicate significant differences by one-way ANOVA (P < 0.05; n = 8-12). 
Editing the white lupin genome by CRISPR/Cas9 technology  
CRISPR/Cas9 targeted gene knock-out was, however, efficient in composite hairy 
root transgenics of L. albus. Various mutations in the target sites of transgenic roots 
were found, but the roots must probably be viewed as a mosaic or chimeric, 
containing (few) unmodified cells and different mutations within a single root. With 
respect to the mutation types, different lengths of deletions and base 
changes/insertions were detected with the two different sgRNAs used (Fig. 4), similar 
to other plants. This might be influenced by cell type and phase of the cell-division 
cycles, efficiencies of different sgRNAs, direction and base composition of the two 
paired sgRNAs, location and context of the target (Zhang et al., 2015). CRISPR/Cas9 
induced even a rather unusual 27bp deletion in the root #4 genome, which 
occasionally results from the imperfect repair of double-strand breaks (Puchta, 2005; 
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Voytas, 2013; Puchta and Fauser, 2014). Considering the mutation types, we found a 
combination accounting for 60% among the tested plants (Fig. 3) that is not 
uncommon (Zhang et al., 2014). Taken together, genome editing in white lupin is 
feasible via CRISPR/Cas9 technology and will enable gene function analysis much 
easier in the near future. 
LaMATE mutant roots are associated with complex metabolic changes 
Although the electrophysiological data from the heterologous expression in oocytes 
did not point to a citrate transport function of LaMATE, the mutants targeting 
LaMATE had reduced citrate (and malate) efflux under P-deficiency (Fig. 5). This is 
likely not an unspecific result from potential off-targets of the sgRNAs, as similar 
results were obtained with two unrelated constructs, both targeting LaMATE at 
different positions, with entirely different protospacer sequences. As the internal 
organic acid anions were in parallel reduced to the same amount in the mutant roots 
(Fig. 6), we assume that citrate (and malate) efflux was only secondary affected in the 
mutants. More likely, however, the entire carboxylate metabolism was affected by 
targeting LaMATE, which is further supported by the finding of reduced major 
organic acid concentrations in the xylem sap. The major organic acid in the xylem sap 
was malic acid, which was reduced to about half amount (Fig. 7). 
Related MATEs, such as AtFRD3 and LjMATE1, are responsible for assisting Fe 
translocation from the root to the shoots in Arabidopsis thaliana and Lotus japonica 
by transporting citrate, respectively (Green and Rogers 2004, Durrett et al. 2007; 
Takanashi et al., 2013). In P-deficient white lupin, shoot zinc was dependent on 
LaMATE and one mutant group also had slightly reduced iron in its shoot (Fig. 8). An 
effect on shoot zinc (a slight increase) had been found in a knock-out mutant of 
OsFRDL1 (Yokosho et al., 2009), while MtMATE69 overexpression increased zinc in 
M. truncatula hairy root tissue (Wang et al., 2017). Metal concentration changes may 
thus be indirectly related to the differences in the organic acids in the xylem sap. The 
reduced biomass of composite plants in which LaMATE was silenced by RNAi 
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(Uhde-stone et al., 2005), may also result from an altered carbon metabolism and 
decreased organic acid content in the root tissue.  
Reduced genistein in LaMATE mutant exudates 
Isoflavonoid release from white lupin roots under P-deficiency has not only been 
implicated in mobilization of Pi in conjunction with citrate and rhizosphere 
acidification, but additionally decreased microbial growth and respiration, stimulated 
fungal sporulation, impaired citrate mineralization, and inhibited soil 
phosphohydrolase activities (Weisskopf et al., 2006b, Tomasi, et al., 2008). 
Interestingly, the release of the major isoflavonoid exuded by white lupin, genistein, 
was massively reduced by targeting LaMATE in mutants (Fig. 9), opening the 
possibility that LaMATE itself is responsible for the export of the flavonoids. If so, 
the inhibited export of genistein may have led to excessive genistein accumulation in 
the tissue, which itself may not only be toxic to microbes, but also to the plant 
metabolism, when accumulated to such high amounts as suspected to occur in root 
clusters under P-deficiency. Genistein may then have indirectly impaired the 
metabolism (and organic acid homeostasis) of the roots. Interestingly, MATE proteins 
from other species that are only distantly related to LaMATE, transport various 
phenolics, such as protocatechuic acid (Bashir et al. 2011; Ishimaru et al. 2011), while 
the vacuolar MATEs transport various flavonoids or even flavonoid glycosides (Zhao 
and Dixon, 2009; Zhao et al., 2011, Takanashi et al., 2014). These findings suggest 
that the structure of MATE membrane proteins principally can accommodate and 
transport phenolic compounds. Lastly, our results also indicate that the gene 
underlying the regulated, massive citrate release from clusters remains to be identified, 
but it is distinct from LaMATE. 
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Supplementary figures and tables: 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S1 Vectors construction of MATE sgRNA and Cas9 nucleases. 
 
 
 
 
 
 
 
 
 
Fig. S2 Diagram of establishing a stable transformation protocol. 
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Fig. S3 Positive transgenic plants screen using GFP. 
 
Table S1. Media composition for the different stages of the regeneration of transgenic white lupin 
plants using Agrobacterium tumefaciens (strategy I). 
 
Components MS Calli induction Cocultivation Shoot induction References 
Salts MS MS MS MS 
Pniewski et al., 
2006; 
Sroga et al., 1987 
Vitamins Gamborg B5 Gamborg B5 Gamborg B5 Gamborg B5 
Sucrose 30 g L
−1
  30 g L
−1
 30 g L
−1
 
Maltose  30 g L
−1
   
BAP  1 mg L
−1
  1 mg L
−1
 
2,4 D  1 mg L
−1
   
IAA  1 mg L
−1
   
NAA    0.1 mg L
−1
 
Acetosyringone   20 µM  
Amox/clav  400/80 mg L
−1
  400/80 mg L
−1
 
Agar 0.80% 0.80% 0.80% 0.80% 
pH 5.7 5.7 5.7 5.7 
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Table S2 Media composition for the different stages of the regeneration of transgenic white lupin 
plants using Agrobacterium. tumefaciens (strategy II). 
 
2,4-D: 2.4-Dichlorophenoxyacetic;  BAP: 6-Benzylaminopurine; IAA: Indole-3-acetic acid; NAA: 
1-Naphthaleneacetic acid; IBA: Indole-3-Butyric acid 
 
 
Table S3 Test of selection pressure and growth regulator composition on rooting efficiency. 
  
 
  
Components Calli induction  Cocultivation Shoot induction References 
Salts MS MS MS 
 
Mamami et al., 2014;  
Sroga, 1987 
 
Vitamins Gamborg B5 Gamborg B5 Gamborg B5 
Sucrose   30 g L
−1
 30 g L
−1
 
Maltose 30 g L
−1
   
BAP 1 mg L
−1
  3 mg L
−1
 
2,4-D 2 mg L
−1
   
Acetosyringone  20 µM  
Amox/clav 400/80 mg L
−1
  400/80 mg L
−1
 
Agar 0.80% 0.80% 0.80% 
pH 5.7 5.7 5.7 
Growth stage 
Selection pressure 
(L-methionine 
sulfoximine) 
Regeneration 
efficiency 
Media compositions 
Co-cultivation 
 
Shoot  Root 
  
Shoot induction 
6 mg L−1 18/22 - 
MS+3% sucrose+3 mg L−1 BAP 8 mg L−1 48/55 - 
10 mg L−1 37/44 - 
Shoot induction 
15 mg L−1 40/45 - 
MS+3% sucrose+3 mg L−1 BAP 
20 mg L−1 47/58 - 
Shoot elongation - - - MS+3% sucrose+0.1 mg L−1 BAP 
Root induction 
- - 4/52 1/2 MS+1% sucrose+4 mg L−1 IBA 
- 
- 0/51 
1/2 MS+1% sucrose+4 mg L−1 IBA+2 mg L−1 
IAA 
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Table S4 List of primers used in this chapter. 
 
 
 
 
 
 
 
 
 
Annotation Primer orientation Primer sequence 
MATE_XbaI,XhoI 
Forward GCGTCTAGAATGGCAGAGAATGGCACTG 
Reverse CGCCTCGAGTCACACAGACATTGGGTG 
LaMATE1_PS 
Forward ATTGCTTTGTTCAATCAAGCTTTA 
Reverse AAACTAAAGCTTGATTGAACAAAG 
LaMATE2_PS 
Forward ATTGAAAGCTGATGAGTTAGAAAA 
Reverse AAACTTTTCTAACTCATCAGCTTT 
pUT_GFP_SpeI,MluI 
Forward GCACTAGTCGACGAGTCAGTAAT 
Reverse GCACGCGTTTGATGCATGTTGTC 
MATE(genetyping) 
Forward ATGGCAGAGAATGGCACTGTG 
Reverse TCACACAGACATTGGGTGGC 
MATE screen 
Forward ATTTACAGCTAAAATGCACGA 
Reverse GGAAGTACCATCAACAAGCAC 
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6. Chapter III 
Malate release by LaALMT1 from phosphorus-deficient white lupin root tips 
and a role in metal root to shoot translocation under aluminium stress 
 
Abstract 
Under phosphorus (P) deficiency, white lupin (Lupinus albus) releases large amounts 
of organic acid anions from specialized root structures, so called cluster or proteoid 
roots, to mobilize and acquire sparingly soluble phosphates from a restricted soil 
volume. The molecular mechanisms underlying this release and its regulation are, 
however, poorly understood. Here, we identified a gene belonging to the aluminium 
(Al)-activated malate transporter (ALMT) family that specifically contributes to the 
malate, but not citrate release. This gene, LaALMT1, was most prominently expressed 
in the root apices, including those of cluster roots and in the root stele. Expression 
was moderately repressed aluminium. Al-independent malate currents by the plasma 
membrane localized LaALMT1 were recorded in Xenopus oocytes. In composite 
lupins with transgenic roots, LaALMT1 was efficiently mutated by CRISPR-Cas9. 
Under P-deficiency and with additional +Al stress, the xylem sap of mutants was 
depleted of malate, but not of citrate, and less Fe and Cu accumulated in the shoot, 
suggesting a role in metal root to shoot translocation. While several crop ALMTs 
contribute to Al-stimulated carboxylate release from root tips, this system was 
apparently captured by the highly efficient P-deficiency regulation network in white 
lupin and participates in malate exudation from P-deficient roots. 
Keywords: aluminium-activated malate transporter, aluminium stress, 
electrophysiology, organic acid, phosphorus deficiency,  
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Introduction 
Phosphorus (P) deficiency and aluminium (Al) toxicity are two major factors limiting 
global crop production on acidic soils (Ryan et al., 2001; Kochian et al., 2004). While 
the essential element P is taken up and used by plants as inorganic phosphate (Pi), 
most plants try to minimize the uptake of Al by chelator-based exclusion mechanisms, 
since the root section just behind the apex is typically highly sensitive to Al
3+
 toxicity 
(Ryan et al., 2001; Kochian et al., 2004). The soil pH is a major determinant for the 
solubility and bioavailability of both, Pi and Al. While the solubility of Al strongly 
increases at lower pH, metal (hydro) oxides precipitate Pi at acidic pH, which is 
maximal at pH 5-6 with Al and at more acidic pH with iron (Fe) species (Barrow, 
2017). Furthermore, calcium (Ca) sorbs and fixes Pi above pH 7, restricting the free Pi 
concentration in the soil solution at a given soil pH. Di- and tricarboxylazes, such as 
oxalate, citrate, malonate and malate, however, form even more stable complexes with 
metal ligands than Pi, leading to Pi mobilization via exchange chelation 
(Álvarez-Fernández et al., 2014). Despite that many plants exhibit increased release 
of organic acid anions from the roots under P limited conditions, this rarely solubilizes 
sufficient Pi from metal precipitates to meet plant demand for the macronutrient P 
(Jones, 1998; Neumann and Römheld, 2007; Wang & Lambers, 2019).  
White lupin is particularly efficient in mobilizing and acquiring Pi from Fe-Pi and 
Ca-Pi sources and has specialized bottle brush-like dense lateral root structures for 
this purpose, so called proteoid or cluster roots, which form under P-deficiency 
(Keerthisinghe et al, 1998, Dinkelaker et al., 1989, Neumann et al, 1999). These 
structures not only locally increase the root surface area, but they also define a 
restricted soil area into which organic acid anions are released in sufficiently high 
concentrations to mediate a significant Pi mobilization (Gardner et al., 1983; 
Neumann et al., 2000). The developmental program of cluster root formation under 
P-deficiency is tightly linked to metabolic adjustments in maturing clusters to 
maximize malate and citrate production, which are ultimately released. Malate is 
exuded more close to the lateral tips prior to citrate, whereas the maximum of citrate 
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release only starts when rootlets reach their final length (3-4 days after their 
emergence) and continues in these mature clusters only for 2-3 days (Neumann et al., 
1999, 2000). The time course of the release, however, does not perfectly match the 
tissue malate and citrate concentrations, suggesting that the efflux of each individual 
organic acid anion is tightly regulated, which is thought to contribute to the 
outstanding efficiency of white lupin to mobilize and acquire Pi (Neumann et al., 
1999, 2000). The tissue citrate increases 1-2 days before the massive efflux begins 
and remains high even after the efflux declined (Neumann et al, 1999). Inhibitor 
studies and patch clamp experiments on cluster root-derived protoplasts pointed to an 
involvement of malate and citrate permeable anion channels in the release of organic 
acid anions (Neumann et al., 1999; Zhang et al., 2004), but the molecular identity of 
the release channels/transporters remains unknown. 
Recent RNA-seq data from different maturity stages of clusters not only confirmed the 
chronology of the metabolic speciation during cluster maturation, but also provided 
candidate genes for this release (Wang et al., 2014, Secco et al., 2014). In the 
transcriptome analyses, members of the family of Al-activated malate transporters 
(ALMTs, Sasaki et al., 2004) were identified that were highly abundant in mature 
functional clusters. ALMTs were initially identified in wheat, a crop that also releases 
carboxylates, mainly malate, into the rhizosphere, but in wheat the primary function is 
to sequester Al in form of Al-chelates outside of the root, a common strategy of 
acid-tolerant plant species to alleviate the inhibition of root growth by Al (Ryan et al., 
2001; Kochian et al., 2004). When over-expressed in barley, TaALMT1 promoted Pi 
acquisition of transgenic plants grown on acidic soils, confirming that malate release 
by this channel can additionally help to acquire Pi (Delhaize et al., 2009). The 
soybean ortholog GmALMT1 is also involved in Al tolerance, but as well associated 
with increased malate release in response to P deficiency (Liang et al., 2013). 
Members of the ALMT gene family, however, are involved in many other 
physiological functions and are classified into five clades (Sharma et al, 2016; Palmer 
et al., 2016). Al sensitivity and malate selectivity is only an anecdotic function of 
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some ALMTs. Several ALMTs function as bona-fide ion channels, for example, the 
plasma membrane anion channel ZmALMT1 (Piñeros et al., 2008b) and the 
Arabidopsis AtALMT9 malate channel in the vacuolar membrane (Kovermann et al., 
2007). 
Crops such as barley, rice and sorghum primarily or exclusively release citrate, rather 
than malate, to reduce the toxicity of Al by transporters of the multidrug and toxin 
extrusion family (MATE) (Furukawa et al., 2007; Magalhaes et al., 2007), which are 
structurally unrelated to ALMTs. In white lupin, exclusively citrate, but not malate, is 
exuded after Al exposure, indicating that the tolerance mechanisms to Al and low P 
differ in this species (Wang et al., 2007).  
The expression of certain ALMT and MATE genes in mature, functional clusters points 
to a potential role for organic acid anion release under P-deficiency. We hypothesized 
that ALMTs participate in the carboxylate release from P-deficient or Al-exposed 
white lupin cluster roots. The expression, localization and physiological role of 
LaALMT1 were investigated in more detail, in part by using CRISPR/Cas9-targeted 
lupins with mutant roots. 
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Material and methods 
Alignment and phylogenetic analysis 
The phylogenetic analyses of the LaALMT1 protein was based on amino acid 
sequences and was carried out using CLC sequence Viewer 7. 
Lupin culture  
Seeds of white lupin (L. albus cv. orus) were surface sterilized in 10% (v/v) H2O2 for 
30 min, rinsed thoroughly in distilled water and then germinated between filter papers 
moistened with saturated CaSO4 solution in the dark for 1 week. Seedlings were 
transferred nutrient solution with 2 mM Ca(NO3)2, 0.7 mM K2SO4, 0.1 mM KCl, 0.5 
mM MgSO4, 10 μM H3BO3, 0.5 μM MnSO4, 0.5 μM ZnSO4, 0.2 μM CuSO4, 0.01 μM 
(NH4)6Mo7O24, 20 μM Fe (III)-EDTA. All plants were cultured without phosphate (–P) 
supply at pH 5.6-5.8 and replacement of the nutrient solution was initially carried out 
every 5 days, later every 3 days. For the Al
3+
 treatment, pre-cultured P deficient plants 
were treated for two days in 2.5 mM CaCl2 solution containing 20 μM AlCl3 at pH 4.5 
before final harvest. 
RNA extraction and LaALMT1 gene isolation 
Total RNA was extracted from mature zone of cluster roots using the innuPREP Plant 
RNA kit (Analytik Jena AG, Jena, Germany). Contaminating genomic DNA was 
removed with an RNase-Free DNase Set (Qiagen, Hilden, Germany) according to the 
manufacturer’s instructions. The cDNA was synthesized using the QuantiTect Reverse 
Transcription Kit (Qiagen). Degenerate primers were designed based on the mRNA 
sequence of LaALMT1 (LAGI01_25811, LAGI02_32308, Lalb_Chr06g0168631), the 
amplified fragment from cDNA and genomic DNA were cloned into the Zero Blunt® 
TOPO® vector (Invitrogen) and sequenced. Genomic DNA was isolated from young 
tissue using the quick genomic DNA extraction method (Edwards et al., 1991). 
Amplified products were used to determine genomic clones and intron positions in 
LaALMT1 genes. 
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Quantitative real-time PCR 
Total RNA of CR in different developmental stages was extracted and cDNA was 
synthesized. Gene-specific primers were designed using PRIMER3PLUS and ordered 
from Life Technologies (Darmstadt, Germany). The PCR procedure was performed as 
following: a 15 µL reaction system contained 5 µL 20× diluted cDNA, 7.5 µL SYBR 
GreenMastermix (GENAXXON bioscience, Germany), 0.3 µL forward primers, 0.3 
µl reverse primers, and 1.9 µL RNase-free H2O. The reaction was conducted in 
384-well plates in an RT-PCR system (Bio-Rad, Hercules, CA). The protocol was set 
as: 15 min at 95
°
C, followed by 44 cycles of 30 s at 95
°
C and 30 s at 60
°
C, and then 
10 s starting at 72
°
C for the melt curve. Reactions were performed in three technical 
replicates and four biological replicates. Primer sequences of selected reference genes 
(PP2AA3 and UBC) and the LaALMT1, LaALMT2 and LaALMT3 genes can be found 
in Table S1. 
Agrobacterium rhizogenes-mediated hairy root transformation in white lupin 
A. rhizogenes strain A4T (Quandt et al., 1993) was employed for hairy root 
transformation. White lupin seeds (L. albus cv. orus) were surface sterilized in 70% 
(v/v) ethanol for 20 min followed by 12% (v/v) commercial bleach (NaClO) 
containing 2 drops of tween-20 for 6 min and five washes with sterile deionized water. 
Seeds were plated on wetting filter paper and germinated overnight in darkness at 
23°C. From germinated seeds with approximately 10 mm radicles, approximately 3 
mm tip sections were removed with a sterile scalpel. The radicles were inoculated 
with the appropriated A. rhizogenes containing the desired plasmid was co-cultivated 
on Murashige and Skoog (MS) plates containing 150 µM acetosyringone for three 
days. Six seedlings were placed on 75 mL slanted agarose (0.6% in 1x Hoagland 
solution) in clear square trays with covers. Plates were then vertically placed in an 
incubator at 25
°
C with 16 h photoperiod and a light intensity of about 200 µmol s
−1
 
m
−2
. Plants with transgenic roots were handled as follows: after 2-week incubation, 
seedlings were transferred into P-deficient hydroponics for three weeks and Al
3+
 
treatment was identical as before for 2 days. 
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Cloning of LaALMT1 promoter 
A 1.4-kb 5’ upstream region of LaALMT1 was amplified using thermal asymmetric 
interlaced PCR (TAIL-PCR) (Liu et al., 2007). Sequencing confirmed fragment 
identity and the fragment was re-amplified with a primer pair by introducing KpnI 
restriction sites in both forward and reverse primers. Degenerated primer sequences 
are given in table S1. The amplified fragment was ligated into pTkan-GUS expression 
vector with kanamycin resistance and the sequence was confirmed by full length 
sequencing. 
GUS staining 
Transgenic hairy-roots were stained in a solution containing 100 mM sodium 
phosphate (pH 7.0), 10 mM EDTA, 2 mM K3Fe(CN)6, 2 mM K4Fe(CN)6, 0.1% Triton 
X-100 and 20 mM 5-Bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal) at 
room temperature for 6 h. Staining was stopped by rinsing the samples with 70% 
ethanol for 30 min. Samples were kept in fresh 70% ethanol until observation. GUS 
coloration distribution in the whole roots, in root primordia and meristems, as well as 
in cross section profiles was monitored with a dissection microscope (Carl Zeiss 
Stemi 2000-C) and a florescence microscope (Carl Zeiss), respectively. Images were 
taken with an Axioncam HRC digital camera (Carl Zeiss) and with Axiovision 4.8.2 
software. 
Fluorescent protein imaging 
The LaALMT1 gene sequence lacking the STOP codon was fused in frame in front of 
the GFP sequence in the pUTkan vector that drives expression from the ubiquitin 
promoter. Transgenic lupin roots were obtained via hairy-root transformation protocol, 
with growth conditions as before. P deficient WT plants were used as control. Cross 
sections of roots were obtained by freehand cutting. Florescence images were taken 
with a confocal microscope (LSM 700, Carl Zeiss, Germany). The cell wall was 
counterstained for 30 min with 20 µg mL
−1
 propidium iodide. Plasmolysis was 
induced by incubating the root segment with 1 M NaCl (Libault et al. 2010) for 15-30 
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min. 
CRISPR/Cas9 knock-out vectors construction and plant transformation  
Two sgRNAs that were followed by the 5’-NGG (PAM) sequence were chosen in the 
forward and reverse strand of LaALMT1 cDNA sequence. These protospacer 
sequences were named as ALMTPS1 and ALMTPS2. Each protospacer was cloned 
into an independent CRISPR/Cas9 knock-out vector using standard methods where its 
expression was driven by the Ubi4-2 promotor (Schiml et al., 2016). The sequence of 
the synthetic sgRNA sequences are provided in table S1. All plasmids were verified 
by DNA sequencing. Empty vector transformed plants were used as controls.  
In vitro transcription and complementary cRNA injection 
The coding region of LaALMT1 was amplified from white lupin cDNA and subcloned 
into the oocyte expression vector pOO2. Complementary RNA (cRNA) was prepared 
from the linearized (MluI) plasmid DNA template using the mMESSAGE 
mMACHINE
®
 Kit (Life Technologies GmbH, Darmstadt; Germany) following the 
manufacturer’s instructions. The cRNA was divided into 2 µL aliquots and stored at 
−80℃ until injection. The electrophysiological methods are described in more detail 
elsewhere (Mayer and Ludewig, 2006). Briefly, oocytes were obtained from Ecocyte 
Bioscience (Castrop-Rauxel, Germany) and were injected with 50 nL of either water 
or cRNA encoding LaALMT1. Oocytes were incubated in ND96 at 18°C for 3 to 4 d. 
Recordings were performed from water-injected control oocytes and 
LaALMT1-expressing oocytes. A fraction of oocytes was preloaded with 50 nL of 50 
mM potassium malate/citrate at least 2 h prior to the recording. The composition of 
the ND96 and a choline chloride-based recording solution were identical as described 
in Straub et al. (2017). Extracellular malate (20 mM) was added as malic acid and all 
recording solutions were adjusted to pH 5.5 with MES or TRIS. 
The aluminium (Al
3+
) sensitivity was assessed by exposing 50 mM potassium malate 
pre-injected oocytes to the recording solution with or without 100 µM AlCl3. 
LaALMT1mediated 
13
C-citrate efflux assay in oocytes 
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For the determination of the citrate efflux activity, 50 nL of 50 mM 
13
C-labeled citrate 
(pH 7.2) were injected into oocytes expressing LaALMT1 cRNA for 3 days. These 
oocytes were washed for three times after the citrate injection procedure with ND96 
solution (pH 7.4), and these were then transferred in batches of 3 oocytes into 1 mL 
fresh ND96 buffer for 30 min incubation at room temperature. The external buffer 
was collected and oocytes were then washed again 2 times with ND96 solution and 
once with MQ water. The freeze dried efflux medium and oocytes were separately 
placed in tin cups, stored at −20℃ and were analysed for total 13C abundance by 
isotope mass spectrometry (Delta plus Advantage, Thermo Fisher Scientific, coupled 
to an Eurovector elemental analyser EA 3000). 
Indel screen assay and genotyping 
Genomic DNA from white lupin T0 transgenic roots was extracted and the genomic 
flanks containing the target sites were amplified using specific primers 
(Supplementary Table S1). Each root was subdivided into two parts and from each 
part the resulting PCR product was cut with the appropriate restriction enzyme (PvuII 
or HindIII) and sequenced. Multi-sequence alignments were conducted for the indel 
screen. 
Root tissue malate and citrate extraction, root exudates, xylem sap collection and 
HPLC injection 
Frozen and pulverized plant materials (liquid N2) are transferred to glass reaction 
tubes and the metabolism is stopped by rapid addition of boiling water (ratio: 1 mL / 
100 mg root FW). The reagent tubes are tightly closed with lids and incubated for 10 
min at 100°C in a heating bloc rotated with occasional mixing. The homogenized 
extract is transferred to Eppendorf reaction vials and insoluble material is removed by 
centrifugation (5 min at 12000 rpm). The supernatant is used for malate 
determination.  
Root exudates were collected by submerging the whole root into 100 mL distilled 
water with aeration for 2 h, 10 mL subsamples of the exudate solutions were filtrated 
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and frozen in −20℃. For xylem sap collecting, shoot parts were removed with a 
sterilized razor, sorption filter papers were placed on wounded surface 2 h, the total 
volume of xylem sap were quantified and extracted with 500 μL distilled water and 
frozen in −20℃. 
Organic acids in the subsamples were analysed by two independent methods, 
reversed-phase high performance liquid chromatography, essentially as previously 
described (Neumann et al., 1999) and a commercial enzymatic assay (R-Biopharm 
AG, Darmstadt, Germany) as described by Dinkelaker et al. (1989) according to the 
manufactures instruction. The separation on the reversed phase column (250 mm long, 
4 mm i.d.; GROM-SIL 120 ODS-3CP, 5 μm particle size) equipped with a Hypersil 
ODS guard column (20 mm long, 4 mm i.d.; Grom, Herrenberg, Germany) was 
conducted with sample solution (20 µL) column injections. 18 mM KH2PO4 adjusted 
to pH 2.2 with H3PO4 was used for isocratic elution with a flow rate of 0.7 mL min
−1
 
at 40℃ and UV detection at 210 nm. Identification of organic acids was performed by 
comparing retention times with absorption spectra of known standards. 
Enzymatic malate detection relied on continuous removal of oxaloacetate via 
Glutamate-Oxaloacetate-Transaminase that produces nicotinamide-adenine 
dinucleotide (NADH), which is equivalent to the amount of malate in the sample. For 
the enzymatic citrate detection, the enzymes L-malate dehydrogenase and L-lactate 
dehydrogenase were used with oxaloacetate and its decarboxylation product pyruvate, 
which are reduced to L-malate and L-lactate by oxidation of reduced NADH. The 
amount of NADH oxidized in these reactions is a stoichiometric measure of the 
amount of citrate. NADH oxidation was quantified spectrophotometrically at 340 nm. 
Shoot metal element determination  
Shoots of control plants and hairy root transformed lupins were oven-dried and 200 
mg of dried shoot material was ashed for 5 h in a muffle furnace at 500°C. After 
cooling, the samples were extracted twice with 1 mL of 3.4 M HNO3 and evaporated 
until dryness to precipitate SiO2. The ash was dissolved in 1 mL of 4 M HCl and 
diluted ten times with hot deionized water. This was boiled for 2 min to convert meta- 
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and pyrophosphates to orthophosphate. Fe, Mn, Zn and Cu concentrations were 
measured using atomic absorption spectrometry (ATI Unicam Solaar 939, Thermo 
Electron, Waltham, USA). K and Ca were measured by flame emission photometry 
(ELEX 6361, Eppendorf, Hamburg, Germany).  
Statistical analysis 
The data were analyzed by ANOVA with least significant difference test using the 
SAS for windows Version 9.4 (SAS Institute Inc., USA). Statistically significant 
differences (P < 0.05) are indicated with different characters in the figures and tables. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Chapter III 
 
81 
 
Results 
Gene homologs and gene structure of LaALMT1  
Fifteen ALMT orthologs were identified in the recently released white lupin genome 
(https://www.whitelupin.fr), but most of these were not expressed in roots. Only three 
of them were moderately expressed under P-deficiency in roots (Secco et al. 2014, 
Wang et al., 2014). These ALMT-like transcripts were differentially abundant in 
different developmental stages of cluster roots and were named LaALMT1 
(Lalb_Chr06g0168631=LAGI01_25811=LAGI02_32308), LaALMT2 
(Lalb_Chr02g0149651=LAGI01_30490=LAGI02_35439) and LaALMT3 
(Lalb_Chr21g0306501=LAGI01_33391=LAGI02_37369). A phylogenetic tree based 
on the predicted full length amino acid sequences of these ALMTs and several 
characterized orthologs revealed that all LaALMTs grouped most closely with each 
other (Fig. 1A), but fell into the same clade as the AtALMT12, a plasma membrane 
anion channel and the malate-activated vacuolar AtALMT9 malate channel required 
for stomatal opening in Arabidopsis (De Angeli et al., 2013). By contrast, the 
well-known aluminium activated malate channels from monocots, such as TaALMT1 
from wheat, and malate channels from Brassica species (Ligaba et al., 2006) were 
more distant from the white lupin ALMTs (Fig. 1A). 
For LaALMT1, two cDNA clones were obtained, LaALMT1a and LaALMT1b, 
respectively. The first clone contained a 1923 bp open reading frame encoding a 
641-residue protein and was used for further functional analysis. Sequencing of the 
genomic region revealed that this gene contained six exons and five introns (Fig. 1B). 
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Fig. 1 LaALMT1 gene structure and phylogenetic analysis. 
(A) Phylogenetic relationships between LaALMT1 and other ALMTs in various plant species. 
Numbers represent bootstrap values obtained from 1,000 trials. Abbreviations for species are as follows: 
At, Arabidopsis thaliana; Bn, Brassica napus; Zm: Zea mays, Hv: Hordeum vulgare, Ta: Triticum 
aestivum, La, Lupinus albus. 
(B) LaALMT1 gene structure with six exons (E1-E6) marked in grey and five introns (I1-I6) marked in 
white. The promoter region is indicated upstream of the ATG start site. 
Since the second clone contained a shorter open reading frame of only 1389 bp coding 
for a 463-residue protein that misses 178 amino acids compared with the first clone, 
we concentrated here exclusively on the longer transcript.  
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Fig. 2 Relative gene expression analysis of white lupin LaALMT1.  
(A) Relative expression of LaALMTs in roots grown in full nutrient solution (+P) or in different cluster 
stages in the absence of P (−P). The values are means± SE (n=4). Different lowercase letters denote 
significant differences (P<0.05). +P_Root: sub-apical first-order lateral root zone (without root tips) of 
P-sufficient plants; −P_PE: pre-emergent clusters (without root tips) of P-deficient plants; −P_JU, 
juvenile clusters of P-deficient plants; −P_MA, mature clusters of P-deficient plants.  
(B) Gene expression 2 days after addition of 20 µM Al (+Al) to P-starved roots. Lowercase letters 
denote significant differences (P<0.05, n=4) 
 
Expression of LaALMTs in response to phosphorus deprivation and Al stress 
In agreement with the RNA-seq datasets (Secco et al. 2014, Wang et al. 2014), 
LaALMT1 expression quantified by RT-qPCR was much larger than that of LaALMT2 
and LaALMT3, irrespective of the conditions (Fig. 2). LaALMT1 expression was 
similar in P-starved and P-sufficient roots. The low expressed LaALMT2 and 
LaALMT3 were moderately upregulated in –P (Fig. 2A). In contrast to some other 
ALMTs, which are transcriptionally up-regulated within hours after Al addition such 
as ALMT1 from Arabidopsis (Kobayashi et al., 2007), LaALMT1 was moderately 
repressed by Al in younger clusters and more severe in mature roots (Fig. 2B), similar 
to LaALMT3. By contrast, LaALMT2 expression was stimulated by Al in the 
pre-emergence zone and in mature clusters (Fig. 2B).  
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Fig. 3 Pattern of the pALMT1::GUS reporter expression (blue) in roots under P deficiency. 
Transgenic plants were grown in –P condition. GUS coloration was observed at different rootlet (A-G) 
and primordia (H-L) development stages. Scale bars are 1 mm (A-G) and 20 μm (H-L). 
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Fig. 4 Expression pattern of LaALMT1 under –P and 2 days after addition of +Al. 
Transformed roots either grown in –P (A-C) or additionally exposed to 20 μM AlCl3 (pH 4.5) for 48 h 
after pre-culture in –P condition (D-F). Root tip (A) and sections of mature clusters in –P (B, C); same 
after 2 additional days +Al (D,E,F). E, endodermis, Xy, xylem. Scale bars 1 mm (A, D), and 50 μm (B, 
C,E,F). 
Tissue-specificity deduced from promoter reporter transgenes  
Since the LaALMT1 was the most highly expressed candidate, which share a highly 
amino acids sequence similarity with LaALMT2. The next step, therefore, to further 
examine the spatial and temporal expression pattern of LaALMT1 induced by P 
deficiency and Al stress, a 1.4 kb 5’upstream region was isolated and ligated to GUS 
reporter gene. The transgenic lupin seedlings were generated in which 
β-glucuronidase (GUS) expression was driven by the promoter of LaALMT1. First of 
all, we monitored the GUS expression pattern both in cluster root and primordia zone 
at different developmental stages growing the lupin seedlings in the P-deficient 
conditions (Fig. 3). In different cluster root growth stages, the GUS was strongly 
expressed in root tip of primary root and along the stele and vascular tissues but not in 
the endodermis (Fig. 3A-G), however, GUS coloration was only found weekly in the 
later developmental stage (Fig. 3G), implicating either the immature phase or the 
senescent phase leading to an impaired function of LaALMT1. When we narrowed 
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down to the primordia region, before the rootlet outgrowth, the GUS signal 
pronounced in the inner layer of primordium region but not in the primordium apex 
(Fig. 3H-L). 
 
Fig. 5 Subcellular localization of LaALMT1-GFP in the plasma membrane.  
Auto fluorescence (top panel) in control roots and fluorescence of roots expressing a LaALMT1-GFP 
fusion protein under the control of the ubiquitin promoter (lower three panels). Top three panels before 
plasmolysis, lower panel after plasmolysis with 1 M NaCl for 15 min prior to observation, respectively. 
From left to right the fluorescent signal (green), propidium iodide as cell wall stain (red), bright field 
and merged images are shown.  
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To determine whether GUS expression was regulated by Al stress, we, secondly, 
compared the GUS localization and activity in transgenic roots between P deficiency 
and Al stress. The first impression of GUS expression induced by Al stress was 
mostly unchanged in comparison with P deficiency that mostly distributed in the stele, 
root primordia and rootlet tip (Fig. S2) except a reduced coloration was found in 
primary root tip (Fig. 4A,D). When we cross sectioned the cluster root zone, the GUS 
expression was observed in the xylem cells, out layer of endodermis and cortex cells 
in P deficient condition (Fig. 4B,C). Surprisingly, compared with P deficient root, Al 
stress resulted in a reduced GUS expression in the primary root tip (Fig. 4A,D), and 
the GUS coloration was partially lost in the vascular cells (Fig. 4B,E), the GUS 
localization in the rest part stayed similar, this results in constant with the overall 
decreased LaALMT1 gene expression under Al stress condition, which is consistent 
with the lower LaALMT1 gene expression identified with RT-qPCR in +Al. 
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Fig. 6 Functional characteristics of ALMT expressed in Xenopus oocytes. 
(A) Representative current traces from non-injected (n.i.) control oocytes pre-loaded with 50 nL of 50 
mM K-malate (left), injected with cRNA of LaALMT1 (middle) or injected with cRNA of LaALMT1 
and pre-loaded with 50 nL of 50 mM K-malate (right). (B) Ionic inward current at -100 mV in the 
presence and absence of 100 µM AlCl3, values are means ± SE (n = 4). (C,D) Current-voltage 
relationships in non-expressing and LaALMT1-expressing oocytes. (E) Mean currents at -100 mV, data 
from six to 21 oocytes and three independent experiments. * indicates significant differences at P < 
0.05 compared with control by one-way ANOVA. (F) Oocytes preloaded with 50 nL of 50 mM 
13
C-labeled K-citrate were incubated for 30 min. and the 
13
C-label retained or effluxed was measured 
from control and LaALMT1-expressing oocytes. Values represent the mean ± SE (n = 5).  
Chapter III 
 
89 
 
The LaALMT1-GFP fusion is localized at the plasma membrane 
Despite substantial background auto-fluorescence in wild type white lupin roots, we 
consistently obtained stronger root fluorescence in root transgenes expressing a 
translational fusion of LaALMT1 with C-terminal green florescent protein (GFP) 
driven by the ubiquitin promoter. Fluorescence was predominantly confined to a rim 
of vascular and endodermis cells that internalized upon plasmolysis, suggesting that 
the LaALMT1-GFP protein was localized to the plasma membrane (Fig. 5). 
Electrophysiological analysis of LaALMT1 function in Xenopus laevis oocytes 
Transport properties of LaALMT1 were assayed using electrophysiological methods 
in X. laevis oocytes. The recording solutions were buffered to pH 5.5 to mimic the 
apoplast situation and contained choline as the major cation to minimize potential 
confounding effects of endogenous cation channels. Compared to non-injected or 
water injected control oocytes, substantial ionic currents in LaALMT1-expressing 
oocytes were recorded, even in the absence of malate, and these were much larger 
after malate had been injected into these oocytes prior to recording (Fig. 6A). Ionic 
currents by LaALMT1 are in agreement with the transport of the fully dissociated 
anion malate
2-
, rather than the uncharged malic acid, in agreement with previous 
reports on other ALMTs. In LaALMT1-expressing oocytes that were not loaded with 
malate, the reversal potential was about 20 mV less negative than in controls (−51 mV 
vs. −30 mV, respectively). The reversal potential at −30 mV matches the expected 
reversal potential for chloride, the only anion present in the recording solution, 
suggesting that Cl
-
 might be also transported by LaALMT1, at least in the absence of 
malate. We can, however, not exclude that endogenous metabolites, such as malate, 
are responsible for inward currents at very negative voltages (which resemble outward 
movement of an anion). Inward currents were little affected by the addition of 100 
µM AlCl3, as shown at −100 mV, irrespective of whether oocytes were pre-loaded 
with malate or not (Fig. 6B). The current-voltage relationships indicated that 
LaALMT1 mediated a specific inwardly rectifying conductance that was not 
encountered in control oocytes and that was stimulated by internal, but not external 
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malate (Fig. 6C,D). Internal citrate did not increase this current, suggesting that citrate 
was not transported (supplemental data Fig. S1). Pre-loading with malate not only 
increased inward currents, but also shifted the reversal potential to less negative 
voltages, in agreement with malate being conducted (Fig. 6C,D). The inward current 
at −100 mV was consistently larger in LaALMT1-expressing oocytes compared to 
controls and maximal when malate was injected prior to recording (Fig. 6E).  
Fig. 7 Indel screening of transgenic roots. 
Targeted mutation detection in transgenic roots from A.rhizogenes transformed plants by sequencing. 
(A,B,C) Alignment of sequences with Cas9-induced mutations in two different target sites of the same 
LaALMT1 gene. The wild-type (WT) sequence is shown at the top. The sequences targeted by the 
synthetic sgRNAs (almt PS1 and almt PS2) are shown in in red, and mutations are shown in green. 
Pattern and frequency of CRISPR/Cas9-mediated mutations. (D) The frequency of insertion/exchange 
(i) and combined (c) mutations is shown. x-axis: i#, number of bases insertion at target site; c#, 
combined mutations. 
 
Finally, the lack of citrate transport function was confirmed with a citrate efflux assay. 
LaALMT1-expressing and control oocytes were injected with 
13
C-labled citrate and 
the efflux, as well as the retention inside the cells after 30 min incubation, were 
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measured. The total 
13
C amount exuded was not significantly changed by LaALMT1, 
while a slightly lower 
13
C amount tended to be retained in LaALMT1-expressing 
oocytes. This may, however, result from unequal pre-loading (Fig. 6F). Lack of 
13
C-labled citrate efflux is in agreement with the lack of ionic currents by pre-injected 
citrate, suggesting that citrate is not transported by LaALMT1. 
Targeting genomic LaALMT1 by efficient CRISPR/Cas9 genome editing in 
transgenic roots 
To elucidate the potential physiological role of LaALMT1, in this study, the 
CRISPR-Cas9 technology was employed to generate the transgenic lupin lines. First, 
two independent 20-nt target region (protospacer) were selected and sub-cloned into 
CRISPR/Cas9 expression vectors, designated as ALMTPS1 and ALMTPS2, 
respectively. Next, because genome editing via CRISPR-Cas9 had not been tested in 
white lupin, we evaluated a larger number of Cas9/sgRNA mutants at the two targeted 
sites in the genomic LaALMT1 sequence. We obtained a number of transgenic lupin 
lines using A. Rhizosgenes transformation, each transgenic root were randomly 
divided into two segments, indicated as #A, #B. Similarly, PCR amplification of a 410 
bp regions surrounding the target interval was carried out on these genomic DNA 
samples, and PCR products were sequenced by Sanger methods to detect gene 
mutations. Sequences of uniquely modified LaALMT1 target were aligned (Fig. 7). 
The sequencing, however, also documented that the target sites were occasionally 
unchanged. Furthermore, some sequencing results indicated that the amplified 
genomic fragments were a mixture of mutants with wild type, indicating that the 
genomic DNA from transformed tissue was not uniform. This suggests that transgenic 
roots were a mosaic of partially or repeatedly modified genomic ALMT1 sequences, 
reflecting different/multiple editing events within the tissue. For example, two 
mutation types including insertion and combination were occurred in the protospacer 
region near the cleavage sites, however, a more mutation events observed in the 
ALMTPS1 than ALMTPS2, short pieces of base alteration ranging from 1 bp in #2A, 
#7B, #13A and #22A to 11 bp in #6B were detected in most mutated lines (Fig. 7A). 
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Combination(c) indicated that a mixture mutation (deletion and insertion) event 
occurred in the target region (Fig. 7B,C) in both two protospacer regions, these 
mutation types were randomly spread in the target region, indicating a mutation event 
occurred at this locus. Overall, the combination of mutation types occurred at high 
rate, frequently altering the open reading frame, so that in most cells of the transgenic 
root tissue no functional protein is expected to exist in these “mosaic” mutant roots. 
(Fig. 7D). 
Fig. 8 Malate and citrate determination in transgenic root tissue from wild type and mutants. 
Malate (A,B) and citrate (C,D) in root tissue without Al (A,C) and with Al (B,D) extracted with 
standard method. Carboxylates were enzymatically measured and confirmed with HPLC. Wild type 
(black bars), almt PS1 mutants (grey bars), almt PS2 mutants (white bars). Different letters indicate 
significant differences between treatments (P<0.05) by one-way ANOVA, (n = 8-12). 
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Fig. 9 Citrate and malate of root exudates from wild type and mutant plants. 
Malate (A,B) and citrate (C,D) in root exudates without Al (A,C) and with Al (B,D) collected in 
distilled water for 2 hours. Carboxylates (means ± SE, n = 8-12) were enzymatically measured and 
confirmed with HPLC. Wild type (black bars), almt PS1 mutants (grey bars), almt PS2 mutants (white 
bars). Different letters indicate significant differences between treatment (P<0.05) by one-way 
ANOVA.  
 
LaALMT1 function in malate, but not citrate release from P-starved roots 
The TEVC analyses suggest that this protein functions as a transporter that could 
transport malate and other inorganic anions across membrane, our mutation screen 
results demonstrated that CRISPR/Cas9 is a powerful tool for efficient 
LaALMT1editing in white lupin. In analogy to some ALMT members identified in 
other plant species, encoding transport proteins that mediate organic anion movement 
across the plasma membrane to the external medium (Ryan et al., 2011; Delhaize et 
al., 2012). To gain more knowledge of LaALMT1 in response to P deficiency and Al 
stress, we further analyzed LaALMT1 function by generating the LaALMT1 
knock-out lines (almt PS1 and almtPS2) using CRISPR/Cas9 technology and 
comparing them with WT plants (empty vector transformed plants). We first analyzed 
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the root tissue malate and citrate (Fig. 8), P deficiency significantly decreased root 
tissue malate and citrate in LaALMT1 knock out mutants (Fig. 8A,C), while Al stress 
stimulated malate accumulation in root tissue (Fig. 8B,D). Different organic anions 
and pH value in root exudate were monitored in both wild type and transgenic 
mutants (Figs. 9,10). Under P deficient conditions, mutants significantly reduced 
malate release into the root exudate (Fig. 9A), slight reduction of citrate exudation 
was found in mutants (Fig. 9C). These results indicated that the knock-out of the 
LaALMT1 malate transporter significantly decrease malate as well as citrate in root 
exudate, suggesting that a primary decrease in malate content alters organic acid 
metabolism and leads to an decrease in the citrate content. 
Fig. 10 The pH value of root exudates from wild type and mutant plants. 
Root exudates pH without Al (A) and with Al (B) collected in distilled water for 2 hours. The pH 
(means ± SE, n = 8-12) of exudate measured with pH electrode. Different letters indicate significant 
differences between treatments (P < 0.05) by one-way ANOVA.  
Compared with P deficient plants, Al stress stimulated increase of citrate release in the 
root exudate, but not malate (Fig. 9). Al stress did not change the malate and citrate 
exudation, except malate reduction of almtPS1 plants (Fig. 9B,D). We conclude that 
citrate and malate secretion were reduced by LaALMT1 knock out when plants grown 
in P-deficient condition, but were not affected by Al stress. Additionally, the plasma 
membrane H
+
-ATPase extrudes protons from cells, which is involved in plant 
adaptation to P deficiency and Al toxicity (Yu et al., 2015). We, therefore, monitored 
the pH change in root exudates (Fig. 10). To our surprise, compared to the WT plants, 
mutants induced an increased pH value in root exudate in P deficient condition (Fig. 
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10A), while the root exudates were significantly acidified of Al stress, with the value 
to 4.81 (Fig. 10B). This result suggested that P deficiency and Al stress leading to a 
different function of plasma membrane H
+
-ATPase associated with nutrients uptake. 
Fig. 11 Organic acids in the xylem sap from wild type and transgenics in P deficiency (A) and 2 
days after exposure to Al (B).  
Values are means ± SE (n = 8-12). Wild type (black bars), almt PS1 mutants (grey bars), almt PS2 
mutants (white bars); different letters denote significant differences between treatments (P < 0.05) by 
one-way ANOVA.  
 
Characterization of xylem sap and shoot metal concentrations in LaALMT1 gene 
edited composite mutant plants  
LaALMT1 function was then analysed in the above described mutant plants in which 
LaALMT1 was targeted in roots using CRISPR/Cas9 technology (almtPS1 and 
almtPS2). Collections of almtPS1 and almtPS2 targeted plants containing a variety of 
mutations were equally treated as mutants, irrespective of the type of mutation. 
Samples were averaged and compared with empty vector transformed control plants 
that contained the functional LaALMT1 gene. Empty vector pCas9 plasmid 
transformed plants were thus considered as wild type (in the ALMT1 locus), those 
with pCas9::ALMT-sgRNA1/2(almt) plasmids were handled as mutants. Both groups 
of plants were grown in hydroponics for five weeks without addition of P to induce 
cluster roots.  
Since the expression of LaALMT1 was confined to the root tips and to the vasculature, 
we speculated that one of its functions might be related to malate loading into the 
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xylem and/or sequestering malate at the open vessel ends in the root tips. We thus 
collected and analysed the organic acids in the xylem sap. Malic acid was the 
dominant organic acid, while citric acid, a preferred chelator of Fe in the xylem of 
many plants, was much lower (Fig. 11). Interestingly, malic acid was specifically 
reduced in the mutant plants to about half the concentration, while the other organic 
acids were not affected (Fig. 11A). All organic acids were further reduced after 
exposure to Al for two days, with the dominant organic acid, malic acid, further 
reduced to roughly 50% in both mutant groups, while citric acid and other organic 
acids tended to be slightly reduced (Fig. 11B).  
Fig. 12 The concentrations of metal elements in the shoot. 
Nutrient element concentrations (means ± SE, n = 8-12) in P deficiency (A-F) and 2 days after 
exposure to Al (G-L). Wild type (black bars), almt PS1 mutants (grey bars), almt PS2 mutants (white 
bars), different letters denote significant differences between treatments (P<0.05) by one-way ANOVA. 
 
Because organic acids in the vascular system are balancing the charge of 
co-transported cations and are potential metal chelators at the acidic pH of the xylem 
sap, we measured elemental concentrations in the shoot. While there was no 
consistent change of most metal concentrations in P deficiency, the major cation K
+
 
tended to be decreased in the mutants (Fig. 12). Two days after the addition of Al to 
these P-deprived and cluster root containing plants, the shoot elemental 
concentrations were again sampled. For two elements, namely Fe and Cu, a small but 
significant decline in elemental concentrations was found in the mutants, in line with 
an indirect function of the malate released by LaALMT1 into the xylem in root to 
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shoot translocation of metals (Fig. 12). 
Discussion 
The outstanding capacity for Pi acquisition from Fe-Pi (Gardner et al., 1983) or Ca-Pi 
by white lupin has long been recognized as primarily an efficient Pi mobilization 
strategy. This is nicely documented by precipitates of Ca chelates around clusters 
(Dinkelaker et al., 1989). White lupin lateral, but not primary growth was sensitive to 
moderate Al toxicity (Wang et al., 2007) and white lupin roots also express members 
of the ALMT family, with LaALMT1 expressed at highest levels, consistent with 
transcriptomic datasets (Secco et al., 2014; Wang et al., 2014). The expression of 
LaALMT1 was little affected by P deficiency and moderately repressed under 
additional Al stress for two days (Fig. 2). Here, the Al treatment was always applied to 
P-deficient plants, which in contrast to P-sufficient plants contain cluster roots. This 
allowed us to compare root exudation after Al exposure from plants with root clusters 
for maximal exudation capacity.  
LaALMT1 was primarily expressed in the apical root zones, including primary roots, 
lateral root tips and cluster rootlet tips (Figs. 3,4). This expression pattern resembles 
the expression of ALMTs in other species involved in malate exudation as a tolerance 
mechanism against Al toxicity in the root apex (Kobayashi et al., 2007; Ligaba et al., 
2006). Rapid and intense organic acid anion release in form of malate is an efficient 
strategy of many species for Al tolerance and Lupinus albus may have captured this 
underlying malate release channel as a strategy to mobilise sparingly soluble soil 
phosphates. However, the amount of malate exudation in apical root zones of 
P-deficient white lupin was not much different than in less P-efficient plant species, 
such as wheat, potato or maize (Neumann and Römheld, 2002). Accordingly, ALMTs 
that are not involved in Al detoxification, such as HvALMT1 in barley, have been 
linked with other functions, such as cell elongation (Palmer et al., 2016). This malate 
release may balance plasmalemma ATPase-mediated proton extrusion involved in 
auxin-induced cell elongation. This is in agreement with the widespread release of 
malate in apical root zones reported for white lupin and many could explain similar 
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exudations in other plant species, particularly in the subapical root zones (Neumann 
and Römheld, 2002) that are characterized by active cell elongation. Malate, rather 
than citrate, was also characterized as a potent chemoattractant for Bradyrhizobia 
(Barbour et al., 1991). In line with that, root colonization by rhizobia in white lupin 
was found preferentially located at 1-1.5 cm behind the root tips (González-Sama et 
al., 2004), which coincides with the localization of LaALMT1 (Fig. 3) and the site of 
malate exudation (Neumann and Römheld, 2002). However, LaALMT1 expression 
was also apparent, but weaker, in the vasculature, although this expression diminished 
after Al exposure (Fig. 4). Interestingly, the plasma membrane localized LaALMT1 
(Fig. 5) functioned in Xenopus oocytes as malate efflux channel, but ionic currents by 
LaALMT1 were even recorded in the absence of malate (Fig. 6). This may imply that 
LaALMT1 conducts chloride to some extent, but LaALMT1 currents were not 
affected by citrate, suggesting that citrate was not transported. Indeed, 
LaALMT1-expressing oocytes that were pre-loaded with 
13
C-labled citrate did not 
differ in the export of citrate from non-expressing oocytes (Fig. 6). Anion 
permeability is not uncommon in ALMTs, as various members of this family transport 
chloride (Cl
-
) or nitrate (NO3
-
) (Ligaba et al., 2012; Sasaki et al., 2016). The inward 
currents by LaALMT1 at −100 mV were little affected by the addition of 100 µM 
AlCl3, irrespective of whether oocytes were pre-loaded with malate or not (Fig. 6), 
suggesting that the function of LaALMT1 in white lupin differs from that of its 
homologues in wheat, Arabidopsis and rape (Sasaki et al., 2004; Kobayashi et al., 
2007; Ligaba et al., 2006).  
Indeed, Al exposure in white lupin exclusively stimulated citrate efflux, but no malate 
efflux, consistent with our results (Wang et al., 2007). Phytotoxic concentrations of 
Al
3+
 in other species either rapidly activate organic acid release directly (Sasaki et al., 
2004, Furukawa et al., 2007, Yang et al., 2011a), or target increased expression of the 
underlying genes with a delay (Magalhaes et al., 2007, Yang et al., 2011b, Chen et al., 
2013), which also applies to the citrate release in white lupin (Wang et al., 2007). 
LaALMT1 expression, however, was not transcriptionally up-regulated, but rather 
Chapter III 
 
99 
 
slightly repressed by Al (Fig. 2) and not confined to mature clusters, which mostly 
exuded citrate upon Al stress, suggesting that LaALMTs primary function is not in 
alleviating Al-toxicity at the roots apices.  
The consequences of the loss of LaALMT1 was analysed in “composite” plants 
containing transgenic roots. In these plants, the root genome was efficiently targeted 
via CRISPR-Cas9 technology, although the analysis demonstrated that these 
transgenic roots contain a mosaic of mutant/wild type LaALMT1 loci, probably 
reflecting yet unmodified cellular genomes and cells with various mutations in the 
target sites (Fig. 7). In batches of these mutant plants, the xylem sap malate 
concentrations were reduced and minor reductions of other acids of the tricarboxylic 
cycle, namely citric acid, maleic acid, trans-aconitic acid, malonic acid and fumaric 
acid, may result from the massive decrease of the primary carboxylic acid, malic acid 
as precursor (Fig. 11). This ultimately also reduced shoot Fe and Cu concentrations 
after Al exposure (Fig. 12), which is consistent with an indirect function of LaALMT1 
in metal root to shoot translocation, in analogy to the xylem-localized FRD3 citrate 
transporter in Arabidopsis (Green and Rogers, 2004) and its homolog in rice 
(Yokosho et al., 2009). However, in pea, most of the copper in xylem was found as Cu 
nicotianamine complexes, but no organic acid anion Cu complexes were found (Fils 
et al, 2016). By contrast, oxidized Fe
3+
 Cit2Mal2 and Cit3Mal1 complexes (each 
20-30%) were abundant (Fils et al, 2016) and the reduction of malate in the xylem sap 
of white lupin may have reduced such complexes. Furthermore, the presence of 
organic acid anion ligands may maintain the Fe and Cu oxidation states to reduce the 
probability of Fenton or Fenton‐like reactions that might occur with repeated redox 
cycles when these metals are in a free state (Barbusiński, 2009). 
The quantification of the organic acids in the root exudate from LaALMT1 targeted 
lines suggested that LaALMT1 is responsible for malate release under P-deficiency 
(Fig. 9). That this malate release primarily occurs from the root tips (Fig. 3) is 
consistent with previous physiological analyses (Neumann et al., 1999, 2000). Finally, 
malate, but not citrate efflux was reported to strictly correlate with proton release, 
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while alkali cations such as K
+
, Na
+
 and Mg
2+
, were co-released with citrate to 
balance charges (Zhu et al., 2005). In agreement with that, the exudate of mutant roots 
with loss of function LaALMT1 had a slightly higher pH, indicating reduced the 
acidification by the exudation (Fig. 10). 
Overall, LaALMT1 is clearly not involved in the citrate release that is stimulated by 
Al in white lupin, but participates in malate release from root tips and appears 
involved in cation/metal root to shoot translocation. That other members of the 
LaALMT family, which are up-regulated with Al (Fig. 2), have a function in Al 
tolerance in white lupin remains a possibility. However, MATE-like transporters are 
further candidates for the P-deficiency and Al-stimulated citrate release (Wang et al., 
2007). This possibility may be investigated in detail in the future by using genome 
editing tools, similar to those used here efficiently in white lupin roots for the first 
time.  
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Supplemental figures and tables: 
 
 
Fig. S1 Prediction of LaALMT1 topology. 
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Fig. S2 Phosphorus deficiency and Al stress induced GUS signal distribution. 
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Fig. S3 Citrate efflux in LaALMT1 expressed oocytes. 
(A) Mean current/voltage (I/V) relationship of control and LaALMT1 expressing oocytes pre-loading 
with citrate from the recordings. 
(B)
 13
C label of 
13
C-citrate injected (50 µL) controls and ALMT expressing oocytes after 2 h of efflux 
(left),
13
C label in bath from 
13
C-citrate injected (50 µL) controls and ALMT expressing oocytes 
(right).Values represent the mean ± SE (n=5). Different letters indicate significant differences between 
treatments (P < 0.05) by one-way ANOVA.  
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Table S1 List of primers used in this chapter. 
 
Annotation Primer orientation Primer sequence 
PP2AA3 
Forward TGCATGCATAGAGCACCAAG 
Reverse CATTGTTGAGCTTGCTGAGG 
UBC 
Forward TCGGCGGATCCTGATATTAC 
Reverse CTGGAACAGAAAAGGCAAGC 
ALMT1-qPCR 
Forward CATTGGGAAATGTGTTGAAGAA 
Reverse TCAGACTATTTGGAGTTTGTTGT 
ALMT2-qPCR 
Forward TGAAAGCTGTTGAAGAATTATCTGA 
Reverse TTTGGATTTTGTTGATGGTTTTC 
ALMT3-qPCR 
Forward ATCAGCCCTCACACCAGAT 
Reverse GACTTGGTTGCATAGCAGCA 
ALMT_BamHI,Xhol 
Forward CAGGATCCATGTGGGAAATG 
Reverse CTCTCGAGTCAGACTATTTGGA 
ALMT_PS1 
Forward ATTGGTAGTGTTTGAGCACACAGC 
Reverse AAACGCTGTGTGCTCAAACACTAC 
ALMT_PS2 
Forward ATTGATTAAAATCTTATCCAAGCT 
Reverse AAACAGCTTGGATAAGATTTTAAT 
ALMT screen PS1 
Forward ATGTGGGAAATGACAACAAGA 
Reverse TACCCAATGTACACCAAAGG 
ALMT screen PS2 
Forward TATCAAGAAGAATATGAGCAAT 
Reverse AGACTATTTGGAGTTTGTTG 
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7. General discussion 
Previously published transcriptomic dataset enabled us access into the study of gene 
interested in white lupin. This study focuses on modulation of cluster root 
morphology of a CEP1 peptide hormone and functional characterization of MATE 
and ALMT family members underling the citrate and malate release in P deficient 
white lupin. The main conclusions were summarized by the schematic illustration in 
Fig. 1. These conclusions highlighted that LaCEP1 function as local negative  
 
Fig. 1 Schematic summary of the main conclusions from this thesis. 
regulator in cluster root formation, LaMATE mediates flavonoid genistein transport in 
P deficient white lupin, and LaALMT1 is a specific malate transporter participating in 
the malate efflux and xylem loading. This chapter I will discuss the regulatory 
network in both cluster root morphology and physiology from peptide hormone and 
organic acids transport mechanism perspectives. 
7.1 Peptide signaling is involved in lateral root formation and positioning 
Over the past decade, with the development of biochemical, genetic and 
bioinformatics analysis, the total number of functionally characterized peptide signals 
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has exceeded the total number of classical plant hormones (Matsubayashi & 
Sakagami, 2006). The active peptide is often post-translationally modified by tyrosine 
sulfation, proline hydroxylation, and hydroxyproline arabinosylation (Matsubayashi, 
2011). Moreover, these identified and characterized peptides in plants have been 
proven to be implicated in various aspects, including plant growth and development, 
defense responses and symbiosis. Currently four kinds of peptides are reported 
involved in root or root related development, for example, IDA and CEP are the key 
players in lateral root development, CLE-RS is involved in autoregulation of 
nodulation in leguminous plants, and CLE40 and RGF are essential components in 
root meristem development.  
IDA is mainly characterized involved in the abscission process, the mutation of IDA 
gene exhibits an characteristic of overlying new lateral root primordia, mutation of its 
receptor-like kinase HAE and HSL2 resulted in a significantly lower emerged lateral 
roots density (Kumpf et al., 2013). In Lotus japonicus, CLE-RS1 and CLE-RS2 genes 
triggered autoregulation, which are induced in the root upon inoculation with rhizobia 
(Okamoto et al., 2008), functional mature CLE-RS2 peptide was identified as a 
posttranslational arabinosylated glycopeptide, and arabinosylated synthesized 
CLE-RS1 and CLE-RS2 were confirmed to suppress nodulation, indicating 
arabinosylation is an essential processing step for their function. CLE40 plays a role 
in meristem maintenance in roots, loss of CLE40 develop shorter roots than wild-type 
plants. The mature structure of CLE40 peptide remain unknown, but chemically 
synthetic CLE conserved domain peptide with hydroxylated proline has been proven 
to be active in controlling the stem cell fate in the root meristem (Hobe et al., 2003). 
RGF is identified as a tyrosine sulfated short peptide required for root stem cell niche 
maintenance and transit-amplifying cell proliferation (Matsuzaki et al., 2010). 
CEP1 (C-TERMINALLY ENCODED PEPTIDE1) is identified as nitrogen-regulated 
gene products, found in all flowering plants, which are involved in lateral root 
formation and nodulation density (Delay, 2013; Djordjevic et al., 2015). Ohyama et al. 
(2008) demonstrated that overexpression of pro-peptide CEP1 gene, or exogenous 
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application of synthetic processed CEP1 peptide results in root meristem arrest. In 
chapter I, we identified LaCEP1 is highly expressed in the pre-emergence zone and 
hypothesized that this gene modulates cluster root formation and morphology. 
LaCEP1 was therefore overexpressed in white lupin via hairy-root transformation. 
LaCEP1 overexpression led a reduction of cluster root numbers, revealed shorter 
rootlets and shorter root hair length compared with control plants (chapter I). 
Exogenously application of chemically synthetic mature CEP peptide domain 
confirmed that conserved functional domain could evoke similar phenotypes, 
suggesting that the propeptide was processed, but further conjugation with sugars or 
hydroxylation of prolines may not be required (Matsubayashi, 2012). In chapter I, we 
only found a moderately reducing of cluster root numbers by overexpression LaCEP1 
or CEP1 peptide addition. This might because most peptide function through their 
specific receptor kinase, such as CLE40 acts through the receptor kinase ACR4 and 
through CLV1 (Stahl et al., 2009; Stahl et al., 2013). Tabata et al. (2014) identified 
two root derived CEP receptor in Arabidopsis, designated as CEPR1 and CEPR2, the 
CEP peptides transmit a nutritional systemic signal from the roots that is perceived by 
CEPR1 and CEPR2 in the shoots, as was concluded from grafting experiments 
(Tabata et al., 2014). Overall, systemic and local functions of the peptides indicate a 
complex role in lateral root spacing, positioning and emergence (Taleski et al., 2016), 
while other peptides may also be involved in the regulation of the concerted growth 
arrest of rootlets, which are found in cluster roots. 
7.2 Role of MATE family members 
MATE family members encode a plasma membrane located citrate transporter 
mediating citrate exudation from roots into the rhizosphere to exclude Al, including 
HvAACT1 in barley (Furukawa et al., 2007), SbMATE in sorghum (Magalhaes et al., 
2007), AtMATE in Arabidopsis (Liu et al., 2009), ScFRDL2 in rye (Yokosho et al., 
2009), ZmMATE1 in maize (Maron et al., 2010), OsFRDL4 in rice (Yokosho et al., 
2016) and TaMATE1B in wheat (Tovkach et al., 2013). MATE citrate transporters 
expressed in the vascular tissues of roots, stems and leaves are required for root to 
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shoot metals translocation, such as AtFRD3 in Arabidopsis (Durrett et al., 2007), 
OsFRDL1 in rice (Yokosho et al., 2009), MtMATE66 and MtMATE69 in Medicago 
(Pineau et al., 2012; Wang et al., 2017a). 
Under P deficiency, white lupin massively releases organic anions such as citrate and 
malate for soil Pi mobilization. In many soils, citrate is much more efficient in 
mobilizing Pi as compared with malate (Neumann & Römheld, 2007). Transcriptomic 
dataset suggested that MATE and ALMT-like transporters both highly expressed in 
mature (MA) clusters with the highest secretory activity (Wang et al., 2014), but in 
white lupin, the molecular basis of release mechanism is still unclear, it is crucial to 
verify whether MATE and ALMT-like transporter mediating citrate secretion into 
rhizosphere for Pi mobilization. The amount of citrate released from white lupin 
grown in null phosphorus condition is 3-fold greater than the release from cluster 
roots of 10 µM phosphorus supply (Keerthisinghe et al., 1998). The release amount of 
citrate is, therefore, correlated with the phosphorus status in the plants. Zhang et al. 
(2004) suggests that inwardly rectifying anion conductance (IRAC) is the main 
pathway for citrate efflux from white lupin roots. In chapter II, as a member of MATE 
family in white lupin, LaMATE knock-out mutated lines exhibit a significant 
reduction of citrate and malate in root tissue and root exudates when grown P 
deficient condition release into root exudates in P deficiency condition, while Al stress 
stimulated citrate and malate accumulation in root tissue, results in a higher root 
exudation of malate and in the presence of Al. Though, many MATE members 
characterized in other plant species as a citrate transporter, we could not conclude that 
LaMATE mediates citrate efflux due to the citrate reduction found in mutants, as the 
root tissue citrate reduction. Citrate and malate both were dramatically decreased in 
the xylem sap, but resulted in an accumulation of other metabolites, especially of 
fumaric acid. AtFRD3 and AtFRDL are associated with a smaller group of six MATE 
proteins in Arabidopsis (Rogers & Guerinot, 2002; Green & Rogers, 2004), and 
FRDL gene in peanuts mediated citrate secretion contributes to adaptation for Fe 
deficiency and Al stress. Previous report that LaMATE has the highest identity with 
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FRD3 in Arabidopsis (55%), proposing LaMATE may be involved in shoot iron 
translocation (Uhde-Stone et al., 2005). Our result in chapter II confirmed this early 
study, knock-out LaMATE limited the Fe, Zn, Cu and Mn translocation to the shoot 
compared with WT plants. Notably, recent review described that MATE proteins 
harbor a Citrate Exuding Motif (CEM) with the capacity of citrate exudation using 
motif scanning (Upadhyay et al., 2019). This motif is present in 28 MATE proteins 
that are known citrate exuders, but absent in three MATEs transporting non-citrate 
substrates (OsPEZ1, OsPEZ2 and ZmMATE2). 
Plants mitigate Al stress through exuding Al
3+
 chelator such as citrate, malate and 
oxalate (Delhaize et al., 1993b; Ryan et al., 2001; Sasaki et al., 2004). Several MATE 
members have been identified in various plant species with the role of Al 
detoxification, and MATE proteins are known to regulate citrate exudation upon Al 
exposure. Magalhaes et al., (2007) identified an aluminum tolerance locus, Alt, 
encoding a MATE family protein, which is highly expressed at the root apex and 
mediates citrate exudation. In rice, the MATE transporter OsFRDL4 localized at the 
root plasma membrane function as a citrate transporter induced by Al (Yokosho et al., 
2011), however, the substrate transported by MATE proteins and mechanism 
conferring Al tolerance is not always clear. For example, GmMATE75 in soybean is 
responsible for Al tolerance but its substrate is not yet identified (Liu et al., 2016). In 
maize, ZmMATE1 and ZmMATE2 co-localized in a major Al tolerance loci, and 
ZmMATE1 has been characterized as a citrate transporter, but a novel Al tolerance 
mechanism may exist in ZmMATE2 (Maron et al., 2010). Previous publication 
reported that LaMATE in white lupin plays a role in phosphate deficiency 
(Uhde-Stone et al., 2005), our result also demonstrated that LaMATE mediated a 
moderate citrate transportation in oocyte, transgenic mutants grown under P deficient 
hydroponics reduced citrate release in comparison with WT plants. Notably, the 
citrate release was increased when WT plants grown in presence of Al, but not in the 
mutants, indicating Al stimulate citrate secretion, unchanged of citrate release in 
mutants resulted from LaMATE knock out (Chapter II). Moreover, Weisskopf et al. 
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(2006b) demonstrated that lupin roots exuded primary genistein when grown in the 
absence of phosphate. The genistein exuded in a cluster-root stage-dependent manner, 
similar for organic acids. They proposed the genistein exudation is mediated by 
plasma membrane localized transporters, indicates to LaMATE. In our study, 
compared to WT control plants, we found root exudation of total flavonoid was 
significantly increased in mutants, while the genistein exhibited in an opposite 
direction, suggesting that LaMATE is a genistein channel (chapter I). Overall, these 
results indicate that LaMATE is involved in root flavonoid exudation and xylem 
loading in P deficient white lupin, and also in response to Al
3+
 tolerance via citrate 
release. 
7.3 Role of ALMT family members 
Functional analyses using electrophysiological techniques have shown that ALMT 
family members are permeable to organic and inorganic anions, therefore, ALMT 
encoded proteins mediated both organic and inorganic anions efflux and influx. For 
example, the TaALMT1, the first identified malate transporter was established by 
two-electrode voltage-clamp experiments in Xenopus oocytes (Sasaki et al., 2004; 
Pineros et al., 2008). We found that LaALMT1 mediated a malate efflux currents and 
chloride currents in oocytes (chapter III). This result in line with previous reports in 
other plant species, since various members of ALMT family characterized in other 
plant species have been shown to mediate efflux of inorganic anions (NO
3-
 and Cl
-
) 
when expressed in oocytes (Ligaba et al., 2012; Sasaki et al., 2016). 
The major function of ALMT family members are Al resistance. Evidence from 
physiological study revealed that the mechanism of excluding phytotoxic Al
3+
 of 
several monocot and dicot is to form the stable and non-toxic Al complexes by 
exuding di- and tri-carboxylates (Delhaize et al., 1993a; Delhaize et al., 1993b; Ma et 
al., 1997). Protoplast experiments provide the proof of Al
3+
-dependent plasma 
membrane malate conductance in wheat and maize root (Ryan et al., 1997; Piñeros & 
Kochian, 2001). In wheat intact roots, organic acid exudation is enhanced by 
aluminum, indicating the anion channels were likely underlying the Al activation in 
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the whole root level. Further elucidation of ALMT transporters using Xenopus oocytes 
suggested that they mediated an inward current caused by malate efflux, which 
strongly depended on the presence of extracellular Al
3+
. However, not all the ALMT 
members are rely on the “Al activation”, although the nomenclature came from the 
Aluminum activated Malate Transporters (Sasaki et al., 2004). In reality, a large 
number of members display diverse function in planta beyond root Al-resistance 
response. In our study, we did not observe an enhanced larger inward currents in 
oocytes upon exposure the LaALMT1 expressed oocytes to Al
3+
. Furthermore, the 
LaALMT1 gene expression was not upregulated by Al stress, this result is in line with 
the pALMT::GUS staining data, which indicating Al has an inactivation effect on 
tissue specific expression (chapter III). Taken together, LaALMT1 was not 
functioning in an Al dependent manner that conferring to Al resistance, other 
ALMT-like members or transporter (MATE) might involve in the Al tolerance 
response in white lupin (chapter II), and we conclude that LaALMT1 plays a role in 
phosphate solubilization and acquisition via malate exudation. 
The ZmALMT1 and ZmALMT2 in maize mediated anion efflux and influx was 
pointed to localized in plasma membrane, which was not involved in Al activated 
organic acid exudation, and these two members were found to play a role in plant 
nutrition and ion homeostasis (Piñeros et al., 2008; Ligaba et al., 2012). In chapter III, 
based on our results, we concluded that LaALMT1 is a plasma membrane localized 
malate transporter, which mediated malate efflux into root exudates to alleviate low P 
stress. In response to Al
3+
 stress, however, LaALMT1 is more implicated in malate 
loading to xylem as a minerals chelator to transfer nutrients to shoot for 
photosynthesis. A similar role was observed in AtALMT9 that mediates vascular 
malate uptake at the vacuolar level (Kovermann et al., 2007). Our findings extend the 
understanding of ALMT members and provide the insight of crop breeding in acid 
soils, where P deficiency and Al toxicity are often occurred as plant productivity 
limiting factors. 
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7.4 Genome editing technology and plant transformation in white lupin 
The type II CRISPR/Cas9 system has two essential components: the Cas9 nuclease 
and a single guide RNA (sgRNA). The sgRNA and Cas9 protein form a Cas9/sgRNA 
complex together with 20 nucleotides at the 5’ end of the sgRNA direct this complex 
to a specific target DNA site. Since 2013, the CRISPR/Cas9 system has established 
for genome editing in rice, wheat and tobacco and Arabidopsis (Li et al., 2013; Shan 
et al., 2013). Continuous improvements in CRISPR/Cas9 system have made genome 
editing widely adopted and applied to a number of crops. However, there is no report 
in white lupin using CRISPR/Cas9 genome editing technology for cluster root gene 
study. In this thesis, we first time use the CRISPR/Cas9 genome editing technology 
on this model plant to elucidate molecular mechanism of LaMATE and LaALMT1 
function underlying citrate and malate secretion in P deficient cluster root (chapter II 
and chapter III). We evaluated the editing efficiency in these two genes, and the 
CRISPR/Cas9 is competent in LaMATE and LaALMT1 gene editing, which is capable 
of causing target site mutation, gene function disruption deficiency was higher than 
RNA interference (Uhde-Stone et al., 2005). The genome editing usually induced by 
two pathways, they are non-homologous end joining (NHEJ) and homology-directed 
repair pathway (HDR). Usually, the NHEJ repair pathway without requiring a 
homologous repair template is becoming a popular way to disrupt genes by creating 
small insertions or deletions at specific sites of target gene, however, it lacks the 
precision required for more sophisticated genome engineering, the HDR-mediated 
enable precisely introduce specific point mutation and insert or replace desired 
sequences into the target DNA. Our results display various mutation types with 
large-scale fragments knock-out and short pieces replacements or mixture mutation 
effect, indicating both of these repairing pathways exist in LaMATE and LaALMT1 
gene editing (chapter II and chapter III). Thus, we have proven that the CRISPR/Cas9 
technology is versatile and assists to decipher gene function in white lupin. 
Current advances using genome editing as a novel breeding technique for fast and 
efficient crop improvements. It is important to develop and optimize a highly efficient 
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editing system for main crop plants. RNAi has been used to silence gene of interest in 
white lupin, such as LaMATE (Uhde-Stone et al., 2005), scarecrow transcription 
factor LaSCR1 (Sbabou et al., 2010), and GPX-PDE (Cheng et al., 2011). Looking 
back on the previous results of LaMATE, it was highly expressed in the mature cluster 
zone of P deficient cluster root, which proposed as citrate transporter responsible for 
citrate secretion into rhizosphere. However, phenotypical analysis of Lamate RNAi 
mutants did not confirm the role of LaMATE in organic acid excretion (Uhde-Stone et 
al., 2005). Surprisingly, in this thesis, we employed the CRISPR/Cas9 to knock out 
the LaMATE gene in white lupin resulted a decreased citrate secretion in mutants 
compared with WT plants (Chapter II). Uhde-Stone et al. (2005) proposed other roles 
of LaMATE in citrate loading into xylem, or flavonoid transport, our CRISPR/Cas9 
mutants also showed a reduced citrate amount, and the shoot Fe, Zn, Cu and Mn 
concentration was reduced to some extent. These results suggested that CRISPR/Cas9 
is a powerful tool for genome editing in white lupin. 
RNAi only knock down the gene expression, CRISPR/Cas9 genome editing is a 
promising approach to completely knock out genes of interest. The critical step is, 
however, to deliver the knock out construct efficiently in to plants. Currently, no 
stable transformation protocol exists in white lupin, which constrains the gene 
function study in a stable generation. RNAi in previous studies were delivered via 
Agrobacterium rhizogenes-based hairy root transformation. This transformation 
method generates composite plants with transgenic root but wild-type shoot, which 
only enable the root specific gene study. Several genetic transformation protocols are 
available on other lupin species, such as blue lupin (Lupinus angustifolius, Kozak et 
al., 2011) and yellow lupin (L. mutabilis, Polowick et al., 2014). Plant genetic 
transformation is a series of processes used to transfer one or more copies of gene of 
interest into a plant genome. Successful and stable transformation requires the new 
gene integrated in the plant nucleus for further expression and inheritance. Lupinus 
albus is recalcitrant for genetic transformation. In this thesis, we tried to establish a 
stable genetic transformation protocol combined with common hairy root 
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transformation to study the LaMATE and LaALMT1 gene (Chapter II and Chapter III). 
As discussed in the chapters, it is possible to regenerate transformed plants with low 
transformation efficiency, and genetic screening and physiological results suggest that 
white lupin is recalcitrant for new gene integration into genome, although the PCR 
demonstrated that the foreign gene is present in the plants. Recently, transient 
transformation of whole lupin plants was successfully reported by employing the 
peanut stunt virus (PSV). Briefly, white lupin was inoculated with PSV harboring an 
RNAi construct against the LaPDS gene (L. albus, phytoene desaturase). The 
expected positive transformants developed a phenotype of photo-bleaching. Moreover, 
PSV spread systemically in white lupin plants, and small interfering RNA of LaPDS 
was detected in leaves, roots, and cluster roots (Yamagishi et al., 2015). In conclusion, 
the CRISPR/Cas9 technology is an efficient tool to study root specific gene function 
in white lupin via the hairy root transformation, the current established in vitro 
regenerated protocol needs further optimization in the future. 
7.5 Future perspectives  
The legume white lupin serves as a promising model to study plant adaptation to P 
starvation. The formation of root clusters and synchronized biochemical changes in 
response to P deficiency make white lupin becoming a research hot spot for plant 
nutritionist. High-throughput molecular techniques, particular RNA-seq, rapidly 
extend our understanding of cluster root formation and function in white lupin. 
-In chapter I, we identified a novel peptide phytohormone, LaCEP1, in white lupin. It 
belongs to the C-terminally encoded peptide (CEP) family, which members have been 
shown to arrest root growth and modulate branching in model species. The results 
suggest that CEP1 act as a local negative regulator of cluster root development in 
white lupin. In this study, we adopted a hairy root transformation to investigate the 
LaCEP1 gene function. Though, we found that LaCEP1 gene can locally modulated 
the cluster root morphology and physiological function, a systemic regulation 
interacted with its receptor kinase must exist, currently, we can’t elucidate this 
systemic regulation pathway due to limitation of transformation techniques in white 
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lupin, however, root produced local receptors may also exist and involved in cluster 
root modulation, and it is possible to test local effect of LaCEP1 receptor with hairy 
root transformation, thus, a comprehensive understanding of peptide-receptor on 
cluster root development regulation is needed in the future experiments. Moreover, 
CEP1 was identified as a phytohomone signal implicated in plant root growth and 
development, sucrose was also found as a local signal induced cluster root formation 
but with less citrate release. In the future study, it might be interesting to decipher the 
link between peptide signal and sucrose signal with use of omics approaches, such as 
transcriptomics, metabolomics and proteomics analyses, the understanding of 
interplay between signals will provide more knowledge of regulation of cluster root 
growth and development. 
-In chapter II and chapter III, we investigated the LaMATE and LaALMT1 function 
conferring to citrate and malate secretion, respectively. Members of MATE and 
ALMT family encoded membrane proteins, the proteins modification is a key step for 
their function, thus, assumptions of LaMATE and LaALMT1 proteins 
phosphorylation may play important roles in active function. To date, only TaALMT1 
has been characterized undergo a phosphorylation process at S384 regulates the 
malate transportation activity underlies aluminum resistance in wheat (Ligaba et al., 
2009). Thus, further evaluation of LaMATE and LaALMT1 encoded proteins 
modification is interesting and attractive. In addition to the proteins phosphorylation 
may regulate the LaMATE and LaALMT1 transportation activity, transcription factor 
may serves as a co-sensor that regulate LaMATE and LaALMT1 mediated citrate and 
malate transportation in response to P deficiency and Al stress. In the characterization 
of LaALMT1 function in chapter III, a group of results (gene expression, GUS 
staining, oocytes experiments and transgenic mutants assay) provided evidence that 
this gene was not induced by Al stress or not involved in Al tolerance mechanism, 
however, in the LaMATE story in chapter II, although we mostly focus on the 
LaMATE function in P deficient induced citrate release, in the experiments of 
transgenic mutants analyses, root exudate citrate was both significantly reduced in the 
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mutants compared to WT plant in P deficiency and Al stress condition, while the 
citrate release was activated by Al stress in WT plants, indicating Al stimulated citrate 
secretion of P deficient plants may confer to Al resistance, compared to this point 
between LaMATE and LaALMT1, there is a co-sensor play a role to regulate their 
function involved in Al resistance and P starvation. Here, I pointed to transcription 
factor STOP1 (sensitive to proton rhizotoxicity1), as it has been reported the related 
roles in other plant species. Thus, open questions for answering how the LaMATE and 
LaALMT1 compensate to each other under the regulation of STOP1 is critical and 
needed for a comprehensive understanding of cluster root maturation and organic acid 
release conferring to P starvation and Al stress.  
Taken together, all I studied in this thesis are the cluster root morphology and 
physiology related mechanism elucidation, and this knowledge will provide useful 
information and transfer these traits to other crops for crop improvement, and 
optimize crop productivity in a global climate changing condition. 
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